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SOME FURTHER IMPLICATIONS OF 
THE DOCTRINE OF ISOSTASY 


BY ANDREW C. LAWSON 


Isostasy, as a fundamental principle of geology which explains the uplift and sup- 
port of mountains, was discovered by Airy, named by Dutton, and rationalized by 
Barrell. Until the appearance of Barrell’s papers (1914-1915) on the strength of 
the earth’s crust it had been logically impossible to accept or to apply the doctrine 
propounded by Airy. Geologists, familiar as they were with the structure of moun- 
tains, were ready enough to believe that orogenesis involved downthrust as well as 
uplift, but the sinking of the root of a great range into heavier rock, to secure support 
by flotation, implies a disposal of the heavier rock displaced. How is the displaced 
rock disposed of? No one was able to answer that question. Geological opinion 
was committed to the view that the rocks of the lithosphere become increasingly 
stronger with depth. Even at the surface the essential material of the earth’s crust, 
upon which the veneer of sedimentary strata rests, is very hard and strong. Sam- 
ples of these exposures of the lithosphere may of course be crushed, and their strength 
is measured by engineers in terms of the compressive stress adequate to crack small 
unconfined prisms. But that these rocks, greatly strengthened in depth, should 
flow away before a descending mountain root was incredible. That solid crystalline 
rocks actually do flow was well known to students of Archean terranes; but to them 
this was a local phenomenon, incident to mountain-making movements. The 
recorded observations appear to have had but little effect in preparing geologists for 
the recognition of solid-rock flowage on a grand scale. 

As to plastic yielding in front of descending mountain roots, the difficulty was not 
only the strength of the rocks and their resistance to the transportation by flowage; 
there was no accommodating space into which such flowage could proceed. Thus, 
while geologists were willing to concede that there must be an enormous downward 
mass movement induced by the load, due to tangential compression of a mountain 
belt, yet they balked at the notion of downthrust without provision for the accom- 
modation of the rocks displaced by the descending root. That accommodation in 
the case of a large mountain range measures millions of cubic miles. Considerations 
like these greatly hindered the acceptance of the doctrine of isostasy in the 25 years 
between the utterances of Dutton and Barrell. They were based on the notion of 
increasing strength and rigidity of rocks with depth. 

But while geologists had thus come to a logical impasse in their attempts to evaluate 
isostasy as a doctrine which concerned them greatly, geodesists proceeded, with vigor 
and sustained industry, to explore and measure gravitative stress in the lithosphere. 
By measuring the force of gravity at many localities they found that departures 
from the ideal figures, which a completely balanced earth should yield, were almost 
universal but generally quite small. 
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These departures from the ideal or calculated force of gravity were called “gravity 
anomalies” and were considered to be so slight as to present no obstacle to the accept- 
ance of isostasy as a general principle governing the configuration of the surface of 
the earth. Indeed, geodesists appeared to be much more thoroughly satisfied with 
the reality of isostasy than were geologists. A matter of grave concern in these 
geodetic investigations was the depth of the level of compensation—that is, the level 
below which stress difference, temporary or enduring, due to the load on or in the 
earth’s crust, fades out. But there has been little unanimity as to this depth of 
compensation, and its measure has varied from time to time even in the pronounce- 
ments of the same investigators. In general, and in the course of years, that depth 
has been adopted for the level of compensation which tended most to reduce the size 
of the gravity anomalies. 

It has been characteristic of the geodetic inquiry into the validity of isostasy that 
it has had to do, in all of its prolonged phases, with static conditions. The loads, 
whether positive or negative, the support of which it seeks to explain, are chiefly the 
immobile inequalities of the relief of the earth’s surface. It has never looked into 
the effects of those shifts of load which are of paramount interest to geologists. The 
immediate, or dynamic, effect of the growth and waning of continental ice sheets, 
the growth of large deltas, the uplift of mountain ranges and their reduction to pene- 
plains, as well as the rise and fall of sea level are conspicuously absent from most of 
the geodetic discussions of the mechanism of isostasy. Mountain ranges are repre- 
sented as flat-bottomed, as if downthrust of their lower parts were taboo. While 
flotation is not denied as the means of support of the salient features of the relief of 
the earth’s surface, the immersion of the float in the sustaining medium of heavy 
rock is not recognized as an essential feature of the mechanism. It is not my pur- 
pose, nor my desire, to minimize the great and enduring value of geodesy for geologi- 
cal science. We cannot blame geodesists for their shortcoming. They are not, and 
do not profess to be, geologists; and quite naturally they have not caught the geologi- 
cal point of view with regard to the mobility of the earth’s crust. By giving us meas- 
ures of gravitative stress throughout a large part of the earth’s crust, and thereby 
establishing the validity of a doctrine of isostasy, geodesy has made an immense 
contribution to earth science. Geology is deeply in its debt. 

But up to 1914-1915, when Barrell’s papers appeared, neither geodesy nor geology 
could explain the operation of the isostatic mechanism. Most of the great truths 
of science have to pass through a hypothetical stage during which they are tested 
and checked before general acceptance. The conception of the asthenosphere is still 
ahypothesis. Barrell claimed no more for it. He presented a most admirable argu- 
ment to show that, as he described it, the asthenosphere was consistent with the 
known physics of the earth’s crust. Other than this his chief argument was that, 
without the asthenosphere, there cou!d be no such thing as isostasy. He was firmly 
convinced, on the basis of the geodetic findings as to the distribution of the stress of 
gravity, that isostasy is a true principle operating through an adequate mechanism. 

The existence of the asthenosphere is a useful hypothesis in that it not only ration- 
alizes the principle of isostasy by supplying a feasible mechanism for its operation, 
but it stimulates geological thinking and enables us to expand the principle, in specu- 
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lation at least, along the lines of its far-reaching implications. No one can success- 
fully engage in scientific speculation, which is the mother of discovery, if his reasoning 
be based on some assertion which, he suspects, cannot be true. And just that was 
the stumbling block that tripped up geology before Barrell removed it by his hypothe- 
sis of the asthenosphere. Clear thinking as to the flotation of mountains was not 
possible until that brilliant idea provided the avenue of escape for the rock displaced 
by the depression of their roots. 

In my paper on the Mississippi delta (Lawson, 1942) I left the embankment, with 
a thickness 12 km. out as far as the present shore line, lying in isostatic equilibrium 
in a flat-bottomed sag of the sea floor upon which it had been deposited. The level 
bottom of the sag flows from the assumption which I made, for convenience in dis- 
cussion, of a uniform initial depth of water of 4 km. at the beginning of the deltaic 
cycle. I intimated that the delta was, in the geological sense, approaching the criti- 
cal stage of its development, at which it would suffer collapse by horizontal compres- 
sion in the earth’s crust. The predicted collapse, it was suggested, would initiate 
the uplift of a great mountain range. 

In the present paper I assume the validity of the doctrine of isostasy and proceed 
to discuss some of the consequences which flow from that assumption. My discus- 
sion is by no means comprehensive or exhaustive, but a few of the results are, or 
should be, of interest to geologists; and I present them as deductions, without at- 
tempting rigorous proof of their truth. In some previous papers, accepting Barrell’s 
position in depth for his asthenosphere, I have thought that the mobile rock of the 
lithosphere, which is displaced by the descending roots of mountains, was the dunite 
of density 3.3. Today, I am of the opinion that the asthenosphere comprises the 
basalt which must first be displaced by the descending root of a growing mountain 
before the dunite is reached. The justification for this change in view will appear 
later in this paper. 

I shall begin my remarks by pointing out how sea level is affected by shift of load 
under the control of isostatic balance, as an illustration of the mechanism at work 
in the lithosphere when that balance is disturbed. 

Mean sea level at any point on the coast is usually regarded as constant. Engi- 
neers, concerned with the relative levels of structures above or below the surface of 
the earth, reckon from local sea level as zero. Astronomers have a constant figure 
for the mean distance of the surface of the sea from the center of the earth. Navi- 
gators have great confidence in the constancy of the relative positions of sea and land 
in all parts of the world, although aware, of course, that the local depth of water may 
vary by reason of changes on the sea floor. 

This firm belief in a constant hypsometric relation of sea and land seems to be 
justified by the modern practice of persistent reading of gauges, and comparing the 
results with benchmarks on land. Notwithstanding the well-recognized fact that, 
in the Mediterranean, temples and other structures have been partially submerged 
and have again emerged, these modern gauge readings have not, insofar as Iam aware, 
revealed any noteworthy vertical shifts of the relation of land and sea. 

But, going back of the date of Greek temples, geology has established the fact of 
such shifts, wide in extent and large in vertical measure. We are now living in what 
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remains of the Glacial period. Coleman, in his book on ice ages, has estimated that 
the continental ice sheets of our time are still half as extensive as they were at their 
maximum. The Glacial period comprises a four-fold alternation of maxima and 
minima of ice. Since the ice of continental glaciation was of course derived from 
the ocean, the development of every maximum caused a lowering of sea level and of 
every minimum a rise. But the measure of the fall of the surface of the sea with 
reference to the center of the earth was not so great as that of the layer of water 
transferred to the continents in the form of ice. The transfer involved a shift of 
load from the entire extent of the ocean to a fraction of the continental area. Ac- 
cording to the doctrine of isostasy, shift of load from one region to another is com- 
pensated by a counter flow of rock mass in depth to maintain balance (Lawson, 1924). 
The balance is of mass but not of volume, and, since the density of the rock flowing 
in depth from the glaciated continents back to the suboceanic region, to compensate 
for loss of water, is three times that of water, the rise of the sea bottom by compensa- 
tion, and therefore of the sea surface, is only about one third of the thickness of the 
water removed by evaporation. The lowering of the sea level, in reference to the 
center of the earth, is thus only two thirds of the thickness of the water removed. 

The surface upon which the continental ice sheets lay was lowered by the thick- 
ness of rock of density 3.05, which was transferred to the oceanic region, and the 
mean altitude of the glaciated area was increased by the thickness of the ice less that 
of the heavy rock removed in depth. There have been several glaciations in geologi- 
cal time long antecedent to the Glacial period, and as many falls and rises of sea 
level. Every one of these has had an important effect upon the configuration of 
the continents, since every one has meant a vertical shift of the base level of erosion. 
When the sea level drops relatively to the continents, streams cut their canyons 
deeper in the coastal mountains, and the shore moves seaward. When it rises, the 
sea encroaches on the valleys the river currents are checked at the new sea level. 
Their load of gravel, sand, and silt is dropped in a succession of thin layers to build 
up gently sloping or flat valley floors. 

The effect of the fall and rise of sea level due, certainly in part, to glaciation and 
deglaciation may be realized by a consideration of the physiography of the coastal 
region of middle California. At the Golden Gate, almost immediately under the 
great bridge, soundings have shown the existence of a sharp V-shaped gorge, cut in 
rock. The deepest water found in this channel by the U. S. Coast and Geodetic 
Survey is 382 feet. But this may not be the maximum which has been stated by 
others, without the authority of the Coast Survey, to be 414 feet. Since exactitude 
of figures is not essential to this discussion, I may continue the latter with a depth 
of D feet for the middle of the gorge. This feature of the sea bottom is taken to be 
a drowned river gorge at the outlet of the drainage of middle California, cut when 
the sea level was somewhat lower than —D feet. It may be dated hypothetically at 
the maximum glaciation of the Glacial period, when the sea level was at its lowest 
for that period. 

Since then the area of the continental ice sheets has been reduced to half their 
maximum extent, and the thickness of the residue has been diminished. Probably 
the residual continental ice sheets of our day are not more than half as thick as they 
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were at the time of maximum glaciation. The volume of the ice remaining is, from 
this estimate, about one quarter of the accumulation at its maximum. Considera- 
tions entering into the estimate are: (1) the amelioration of climate indicated by de- 
glaciation, (2) the consequent change of the gradient of the glaciers, (3) the isostatic 
rise of the continental surface upon which the ice rests, by reason of reduction of 
thickness by melting. It thus appears probable that, since the maximum of glacia- 
tion, three quarters of the ice then piled up on the continental surfaces has been 
restored tothe ocean. Since that maximum the sea level has risen D+- feet relatively 
to the adjoining surface of the California coast. The plus sign in the figure comes 
from the fact that sea level at its lowest was somewhat lower than the bottom of the 
gorge under the Golden Gate Bridge when it was functional as a stream trench. 

That some large fraction of this rise of sea level was due to the melting of the con- 
tinental ice sheets goes without saying. How large that fraction may be is a ques- 
tion that requires further discussion. When we consider the problem it is necessary 
to discriminate between the movement which is due to a change in the volume of 
the ocean and that which is merely relative to a vertically mobile coast. Such mo- 
bility is characteristic of the coast of California. A notable instance of this, on a 
large scale is to be found in the insular portion of the coast of southern California, 
as described and illustrated in my paper of 1893. Here, under the same general 
geological and climatic conditions, are three insular masses: San Pedro Hill, altitude 
1475 feet, Santa Catalina Island, altitude 2109 feet, and San Clemente Island, alti- 
tude 1964 feet, arranged in a nearly north-south line, 60 miles long, and about equally 
spaced. San Pedro at the north and San Clemente at the south have emerged from 
the sea, as proved by magnificent wave-cut terraces, while Santa Catalina has been 
depressed. The latter evidently lies in the axis of a syncline, formed in our day, 
while San Pedro Hill and San Clemente are anticlinal uplifts. During the progress 
of this orogenic movement, an observer on San Clemente or San Pedro Hill might 
have confidently asserted that the sea level was falling, while another on Santa 
Catalina might have been equally convinced that the same surface was rising. If 
the development of this great syncline had been proceeding during the Glacial period, 
as it most probably was, the relative vertical displacement due to that cause would 
have been complicated by real rises and falls of sea level corresponding to the minima 
and maxima of continental ice in the succession of glacial epochs. 

From the foregoing discussion, based on observations along the Californian coast, 
it will be apparent that, when we talk of the rise and fall of sea level and, particularly, 
when we profess to estimate the measure of such rise or fall, we must be precise in 
our language. 

Returning now to the Golden Gate, it may be asserted without question that there 
has been a great change in the relative vertical positions of sea and land. Whatever 
the cause of that change, we may be sure that there are two aspects of the problem, 
one concerned with relative displacements due to deformation of the earth’s crust 
and another with absolute displacements due to the removal of water from the ocean 
and its restoration in due time. 

Both north and south of the outlet at the Golden Gate there are many valleys 
tributary to it, besides the Great Valley and the streams draining into it from the 


1 that 

their 
1 and 
from 
nd of 

with 
water 
ift of 

Ac- 
com- 
924), 
wing 
nsate 2 
ensa- 
f the 
o the 
hick- 
1 the 
that 
logi- 
f sea 3 
of 
sion. 
yons 
, the 
evel. 
build 
astal 
the 
ut in 
detic 
d by 
tude 
epth 
o be 
vhen 
ly at 
west : 
their 
ably 
they 


202 A. C. LAWSON—DOCTRINE OF ISOSTASY 


Sierra Nevada. At the time of maximum glaciation, when the aggregate drainage 
of the region flowed through to the rocky trench at the Golden Gate, D feet below 
present sea level, the valleys of the Coast Ranges were rocky gorges. The streams 
had not reached the base level of erosion, and alluviated bottoms were not features 
of the physiography. With the relative uplift of sea level from D+ to 0, all of these 
gorges and the Great Valley itself were progressively alluviated and so acquired their 
present broad, very gently sloping valley floors. 

Although I have recognized that there may be other causes than the simple one 
of deglaciation and the restoration of water to the oceanic basin to account for the 
rise of sea from D+ to 0, I may now say that there is one other cause no less certain 
than that of the melting of continental glaciers. The water restored to the ocean 
by deglaciation was a load removed from the glaciated parts of the continents and 
placed upon the sea floor. This shift of load necessitated inevitably isostatic adjust- 
ments. The continents relieved of their load of ice rose, and the oceanic region 
sank as the shift proceeded. The relief of load on the continents was partial and 
irregularly distributed. The load added to the sea floor was the same everywhere, 
but very much less, per unit of area, than that removed from the glaciated parts of 
the continents. The area of glaciation at its maximum was about one fifteenth that 
of the ocean. 

By tentatively assuming that the rise of sea level, as measured at the Golden Gate 
—i.e., D+ feet—is 414 feet, and is due wholly to deglaciation and its consequent 
isostatic adjustments, we may obtain a figure for the mean thickness of the conti- 
nental ice at its maximum. Let x be this figure. Then .75x has melted and gone 
to the ocean, leaving a mean thickness of ice .25x over the area of maximum glacia- 
tion. Ice has a density of .9, and its relative load per unit of area as removed by 
melting was .75x X .9 = .675x. This load distributed to the ocean as fresh water 


.675x 
was 
15 


or .045x p.u.a. Its thickness was also .045x feet. This is effectively the 


same as a load of heavy rock (basalt of density 3.05) transferred back in depth from 
the oceanic column to the glaciated area for isostatic compensation. The thickness 


of the basalt which thus flowed out from under the ocean was ~~ or .015x. This 


last figure is then the measure of the drop of the sea floor, and the fall of sea level. 

At the Golden Gate the present depth of water—i.e., the measure of the relative 
rise of sea level—assumed to be 414+ feet, is made up of .015x due to drop of sea 
floor plus the thickness of the layer of fresh water from the melting continental ice 
sheets, about .045x. Thus 


-O015z + .045x = 414 feet 


and 
= 6900 feet 


The figure thus arrived at for the mean thickness of the ice at its maximum extent 
may be compared with those for the glaciation of North America on the basis of data 
recorded by Coleman. These are: Cordilleran glacier 8000 feet—, Keewatin glacier 
7300 feet+ , Labradorean glacier 5000 feet+. The mean of these is 6760 feet. But 
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Coleman’s figures are for altitudes above present sea level and do not make adequate 
allowance for the isostatic depression of the continental surfaces by the load of ice. 
His figures apply also to maximum values for the thickness of the ice, while the 6900 
feet here deduced is for the mean thickness of the ice at maximum glaciation, on the 
assumption that the only causes in rise of sea level at the Golden Gate, are deglacia- 
tion and its consequent isostatic adjustments. My own figures are, of course, doubt- 
ful as to the absence of local deformation, particularly in the light of the positive evi- 
dence of local deformation of the coast of Southern California, which I have presented. 

Since, however, a mean thickness of 6900 feet of ice at the maximum would, by 
the subsequent deglaciation, fully account for the rise of sea level as measured at the 
Golden Gate, I am inclined to the view that no other explanation is necessary. That 
is to say: I regard 6900 feet as a reasonable and approximately correct figure for the 
mean thickness of continental glaciation at its maximum. It does not seem to matter 
much in which of the glacial epochs of the Glacial period that maximum occurred. 
If the Coast and Geodetic Survey figure of 382 feet be taken as the real depth of the 
gorge, then the mean thickness of ice at maximum glaciation would be 6366 feet. 

Passing now to other phases of the fluctuation of sea level, with reference to the 
center of the earth, I call attention more particularly to the effect of continental ero- 
sion. The reduction of continental surfaces by atmospheric and river erosion in- 
volves a shift of load from the crustal columns under the land to those under the sea. 
The best estimate of the rate at which that shift is proceeding is that of Dole and 
Stabler (1909). According to this classical work the thickness of the load removed 
from the basin of the Mississippi is 56 mm. per 1000 years. The relative load shifted 
may be taken to be 2.67 X 56 = 149.52 per unit of area of the continental surface. 

Since the area of the oceanic column is three times that of the continental column, 
the mean thickness of the layer of sediment delivered to the sea floor is 56/3 mm. per 
1000 years; and it displaces sea water of density 1.026. The water displaced by the 
deposit is, however, not removed except in the case of deltas. It is merely lifted 
above the layer deposited and is manifest as a rise of sea level. It continues to be 
an effective part of the load on the oceanic column; and the added load remains 
2.67 X 56/3 = 49.84 p.u.a. The continental column has lost a load of 149.52, and 
the oceanic column has gained 49.84 p.u.a. This process of loss and gain of load 
would throw the two columns out of balance, but this tendency as it develops is 
corrected by a transfer of heavy rock in depth from the oceanic to the continental 
column. Let «x be the thickness of the layer of basalt of density 3.05 which is thus 
transferred per 1000 years to maintain isostatic balance. Then: 


— 149.52 + 3.05% X 3 = —3.05x + 49.84 


whence 
x = 16.341 mm. p.u.a. per 1000 years 


The substitution of 16.341 for x in the equation shows that the two columns are in 
balance, when the transfer has been made, for the prevailing rate of erosion. That 
rate is probably about the same for all the continents, and the assumption here made 
for the purpose of clarifying the argument is that it is 56 mm. per 1000 years. 

But it may be urged that, as the continental surfaces approach peneplanation, this 


~ 


204 A. C. LAWSON—DOCTRINE OF ISOSTASY 


rate will be greatly reduced and will eventually become zero. This objection, how- 
ever, takes no account of renewal of relief. A better assumption than inevitable 
peneplanation is that, since relief is a resultant of orogenesis and erosion, and always 
has been so, the mean altitude of the continents has departed but little from a con- 
stant figure throughout geological history, as far back as we can read it. For at 
least 1,500,000,000 years the record indicates a relief not essentially different from 
that of the present. The only approach to a world-wide peneplain that I am aware 
of is that developed in the interval between the last of the Archean granites and the 
Algonkian, represented on the American continent by the Animikie and the Keweena- 
wan and their correlatives. If, then, the notion of constancy of mean altitude of 
continental relief, under the control of isostasy, is a reasonable working hypothesis, 
we may also tentatively accept the rate of continental erosion at the constant value 
of 56 mm. per 1000 years, throughout geological time. 

Since the thickness of basalt withdrawn from the oceanic column to compensate 
for erosion of continental surfaces is 16.341 mm. per 1000 years, the same figure is 
the measure of the sinking of the floor of the sea in the same time. With the drop 
of the sea floor, sea level would also tend to fall. Counter to this tendency is the 
rise due to the growing deposit of erosional waste on the sea floor. The thickness of 
this deposit per 1000 years, considering the relative area of sea and land, is 56/3 = 
18.666 mm., and the net rise of sea level is 18.666 — 16.341 = 2.325 mm. per 1000 
years. ‘The rise of sea level in the deltaic cycle of 55,000,000 years for the Mississippi, 
up to the present, is thus .128 km.! 

The reference in the foregoing paragraphs to renewal of relief by orogenic move- 
ments leads naturally to the consideration of the effect of particular diastrophic epi- 
sodes on the level of the sea. There are various types of mountains, but all of them 
result in one sense from horizontally compressive stress in excess of the local strength 
of the earth’s crust. Even volcanic piles, so common the world over, owe their 
existence to compressive stress. The most common type of nonvolcanic mountain 
is that which arises out of the sea and is composed for the most part of stratified 
deltaic sediments. The latter usually originate in shallow water but may extend 
rapidly into deep water, where the sediments, displacing sea water, notably increase 
the local load on the sea floor. The sea floor sinks isostatically under the added load, 
making room for more sediments at the top of the growing embankment. The de- 
pression thus inaugurated is accommodated by an outflow in depth from beneath 
the delta of the relatively heavy rock of the basement. The growth of the delta is 
vertically down, and horizontally seaward. Its top is constant at sea level but varies 
with independent fluctuations of that surface. 

In the discussion which follows the assumptions are: (1) that the initial depth of 
water was 4.2 km., (2) that the landward flow of rock in depth to compensate the 
erosional removal of load was chiefly basalt, (3) that the rise of sea level in a cycle 
of 55,000,000 years was .128 km., and (4) that the density of the deposits of the em- 
bankment is 2.4. Under these assumptions the embankment at its bottom sinks to 
a depth below sea level of 13+ km. into the region of strong rocks, without deforma- 


1This figure replaces that arrived at in my paper of 1938 partly by error and partly by the assumption that the 
compensating rock flow from the oceanic to the continental columnar consists of dunite. 
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tion. At this stage the embankment collapses under the tangential compressive 
stress of the region into which it has sunk. The collapse is the initiation of a moun- 
tain-making movement. The weak rocks of the accumulation become intricately 
folded. The top of the delta is lifted above sea level, and its bottom sinks several 
times the amount of the uplift into the heavy rocks underlying the depression, thereby 
acquiring support by flotation. The deltaic cycle has ended, and orogenesis has set 
in. In the orogenic cycle the sinking and consequent displacement are on a much 
vaster scale, and at a much more rapid rate than that of the period of sedimentary 
accumulation. The rocks of the basaltic layer are pushed aside, and the developing 
root of the new mountain penetrates the very hot but solid dunite below. 

In the early part of the deltaic cycle the embankment grows both upward, sub- 
stituting sediments for sea water, and downward. When the upward growth is 
finally stabilized and stopped at the new sea level the bottom of the embank- 
ment has sunk into the sea floor much farther than the top has risen. Accommoda- 
tion for the sinking is provided by the outflow of heavy rock indepth. The measure 
of the sinking may be found from an algebraic equation: Let x be the depression of 
the sea floor under the embankment in kilometers. The thickness of the latter is 
.128 + 4.2 + x at density 2.4. Taking the thickness of the basalt at the beginning 
of the cycle at 37 km., this would become 37 — x at its close. The equation then is: 


2.4 (4.2 + .128 + x) + 3.05 (37 — x) = 1.026 X 4.2 + 2.4 X .128 + 3.05 X 37 


whence x = 8.878 for a deltaic cycle of 55,000,000 years. The total thickness of the 
embankment for the new sea level just prior to the collapse is 4.2 + .128 + 8.878 = 
13.206 km.; and the total depth from the new sea level to the bottom of the basalt 
is 13.206 + 37 — 8.878 = 41.328 km. 

The two orogenic movements above referred to—(1) the displacement in depth to 
make room for the mountain root, and (2) the penetration of the root into the hot 
dunite—comprise crustal deformations of the first magnitude. The necessary sup- 
port for the rising mountain determines the condition that the volume of the col- 
lapsed delta immersed in the heavy rocks is several times greater than that lying 
above the upper limit of the heavy rocks; just as the submerged fraction of a block 
of ice is much greater than the portion emergent from the water in which it floats. 

The volume of a great mountain range say 3000 km. in length, having a mean alti- 
tude of 7+ km. above the sea floor at the origin of the delta, and a width of, say, 
300 km. would be over 6,000,000 cubic kilometers. The volume of compressed and 
depressed deltaic sediments supporting such a range by flotation would be several 
times this—something like 50,000,000 cubic kilometers. This is roughly the measure 
of the rock displaced in depth. 

If we suppose the site of the original delta embankment to have been on the sea 
floor, ’ -\ ond the continental limits, the strong rock first displaced would consist 
almost wholly of basalt, the thickness of which is taken to be about 37 km. Its out- 
flow would have a direction counter to that of the compressive stress which caused 
the collapse of the delta, and which could have been propagated only in the basalt. 
It seems thus probable that the compressive stress in the basalt is at its maximum 
near the top of that layer, and diminishes sufficiently in a depth short of 37 km. to 
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permit the outflow necessary to accommodate the descending root of the growing 
mountain. ‘The level at which the outflow first becomes possible would be, from this 
point of view, at the depth of the bottom of the sediments (13.206 kilometers) at the 
moment when the collapse sets in. 

The rise in temperature with increasing depth may also be presumed to mobilize 
the basalt.? It is clear that the displacement of the basalt implies a flow of the latter 
ona large scale. The relative diminution of compressive stress with depth, indicated 
by the counter outflow, and the increasing mobility of the basalt, may thus be essen- 
tial features of the mechanism which uplifts mountains. 

The isostatic outflow of basalt is probably chiefly landward. It would ultimately 
extend under the continental surface as far as required for compensation to regions 
of excessive erosional removal. It may be not too extravagant a suggestion to say 
that all the known occurrences of basalt on the continents may be derived from such 
isostatic migrations in depth. However that may be, a more general statement is 
certainly true: that erosion implies a steady transfer, throughout geological time, 
of rock mass of relatively low density to the ocean and a return of flow of heavier 
rock in depth to compensate the reduction of mass ir the continents. The embar- 
rassing thing is that, while the mass removed by erosion is fully compensated, the 
volume restored to the continents is notably less than the volume removed and that, 
therefore, by this time the continental surfaces should all be reduced to peneplains. 
This embarrassment is of course recognized in geological literature. The escape from 
it is, however, easy if we invoke an independent renewal of continental relief; and 
this renewal of relief throughout geological ages is well known and certain. 

Among the various manifestations of crustal deformation which make for the 
renewal of the relief of the earth’s surface, the collapse of great deltas is probably 
the most common. This assertion is based on the prevalence of deltaic sediments 
in the make-up of folded mountains. Measured sections of these strata are not 
rarely about 40,000 feet and are not known to exceed 43,000 feet. The mountains 
which thus rise out of the ocean not only renew the continental relief but also add to 
the expanse of the land. 

To summarize: The maximum known thickness of deltaic sediments in folded 
mountains, about 13-+- km., probably indicates the limit of subsidence of the embank- 
ment, at which the weak sediments composing it are no longer able to withstand the 
compressive stress normally prevailing in the upper part of the lithosphere. At this 
stage of depression horizontal collapse sets in. The deltaic cycle has been supplanted 
by an orogenic cycle, continuing the depression at a more active rate; and at the same 
time the surface rises. The uplift demands a root for its support by flotation. In 
its downward growth the root shoves aside the basalt and penetrates the underlying 
dunite. For a great mountain range the volume of the displaced basalt runs into 
many millions of cubic miles. The displacement involves a mobility comparable to 
that of Barrell’s asthenosphere, although the outflow of the basalt is at a level far 
above the depth at which he places his zone of maximum weakness. Without abating 


2 The collapse of the embankment due to compressive stress would involve a sudden increase of vertical stress due 
to the failure of arch support; and this increase of pressure would affect the melting point. See Johnston and 
Adams (1913). 
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my admiration for Barrell’s brilliant contribution to the doctrine of isostasy I may 
say that he seems to me to have located the asthenosphere at too great a depth. 

In the advanced stages of orogenic deformation there would be no basalt under 
the site of the original delta; and this may explain the absence of basaltic eruptions 
in the orogeny of mountains arising from the collapse of large deltas the world over.’ 
The mobility and isostatic distribution of basalt may explain the prevalence of such 
eruptions in regions remote from folded mountains. 

It has been pointed out that the displacement of the basalt by the descending 
root of the growing mountain permits the latter to penetrate the deeper dunite. The 
consequences of this penetration are not less important in the orogenic mechanism 
of folded mountains than the thrusting aside of the basalt which originally lay under 
the site of tne delta. The large difference in the temperature of fusion of dunite 
and of aggregates of granitic minerals determines a condition which explains batho- 
liths known in the cases of many folded mountains, that have been sufficiently deeply 
eroded. The evidence of the intrusive relation of the granite to the overlying sedi- 
ments is usually abundant and unmistakable. It may be said that such central 
batholiths are as characteristic of the erosional residues of great folded mountians 
as is the absence of the basaltic intrusions in their orogenic history. There was a 
time in the history of geology when granites were regarded as the remains of the 
original crust of the earth. But from observation of granites on various continents 
I have been unable to discover any which are not intrusive on their margins into 
rocks of surface origin. My conclusion is that all granites are of secondary origin 
and are to be found characteristically in the cores of folded mountains. The general 
absence of large bodies of peridotite associated with the granitic batholiths of folded 
mountains the world over suggests that the greatly deformed sediments of the moun- 
tain root passed through the basalt directly into the dunite. With but few exceptions 
such peridotites as are known in this connection are small and may result from the 
fusion of occasional fragments of basalt carried down with the descending root into 
the hot dunite. For a mountain uplift of 7 km. and a density of 2.67 for the rocks 
of both the mountain and its root, the immersion of the latter, free from large masses 
of basalt, in the dunite would be 18.643 km., as may be readily shown by the use of 
an algebraic equation of balance. It thus appears that the total thickness from the 
summit of the mountain to the extremity of the root amounts to 7 + 4.328 + 37 + 
18.643 = 66.97 km. But the total thickness of the undeformed delta embankment 
when the collapse inaugurated the deformation was only 13.206 km. The vertical 
elongation of the column in the ratio of 1 to 5 is due to the compressive stress to which 
the new mountain owes its existence. This ratio harmonizes fairly well with various 
measurements by field geologists of the local shortening of the arc of the earth’s crust 
by acute deformative compression of sedimentary strata. (See particularly Chamber- 
lain, 1910, and Claypole, 1885.) According to these geologists the shortening of 
the arc by acute folding and thrusting may locally range up toa reduction of several 
miles to one; and this implies of course a corresponding vertical elongation. 

The rise of the mountain was due to the combined effect of compressive deforma- 


8The general absence of basaltic intrusions or extrusions in the orogenic process and the restriction of batholiths 
to orogenic belts is clearly stated by Kennedy in his paper on crystal layers and the origin of magmas. 
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tion and flotation. But flotation determines that, in large measure if not wholly, 
the weight of the uplifted mass does not operate to restrain the inward compressive 
movement, so that the latter is accelerated. Deformation of the floating mass pro- 
ceeds rapidly, involving a shortening of the horizontal dimensions transverse to the 
axis of uplift and a corresponding elongation of the vertical dimensions. Throughout 
the deformative process flotation operates to keep the column in balance with all 
other columns, stable or unstable. Just prior to the initial collapse the embankment 
of the delta, with its bottom at a depth of 13+ km., lay in a trough in the basalt 
formed by subsidence. The walls of this trough, 8.8 km. in height, were probably 
the loci of vertical shears. The subsidence of the floor of this deep trough was ac- 
commodated by an outflow of the bottom part of the basalt, under isostatic urge en- 
gendered by the load added to the floor of the trough. That load was 13.206 km. of 
flat-lying sediments less the weight of 4.328 km. of water, which was in process of 
being displaced throughout the time of accumulation. The isostatic urge for out- 
flow of the deeper basalt was greatly accelerated by the collapse of the erabankment. 
The load to be kept in balance was rapidly increased by the vertical elongation of 
the column as well as by the uplift of mountain. The urge for outflow of the basalt, 
the most mobile of all rocks, became so imperative that it was eventually all disposed 
of and the sedimentary root of the mountain entered the dunite. 

When the root of a great mountain range descends through the basalt into the 
dunite the latter has a temperature at which it remains solid and strong, but at 
which the clastic sediments of the root melt. The fusion is doubtless a long-drawn- 
out process, but as it proceeds the liquid rock, by active convection currents, carries 
the heat to higher and higher levels. There is, however, an upper limit to the process, 
and that limit becomes the ragged boundary between granite and the residue of the 
root, when freezing of the magma sets in. The boundary, as subsequently exposed 
by erosion, is characterized by dikes and irregular apophyses of granite, and by in- 
numerable angular inclusions of more or less metamorphosed sediments, which have 
broken off from the diminishing first formed root. The melting and freezing of the 
root does not destroy its function as a root, which is to afford support by flotation 
of the new mountain range. Every batholith of a mountain range is thus function- 
ally the root of the mountain. In the transformation from sediments to granite 
there are doubtless changes of density, but these are small. The changes may inaug- 
urate an isostatic oscillation, but will not greatly affect the general outlines of the 
structure. 

While these things are going on in depth, erosion is active at the top. The func- 
tion of erosion, from the point of view of orogenesis, is that, by removal of load from 
the crustal column in which the mountain is situated, the vertical movement of the 
column is reversed. Compensation for the diminution of mass is effected by the 
higher flotation of the column. The granitic root slowly emerges from the heavier 
rocks in which it is, in its deeper part, immersed. The whole column rises, carrying, 
of course, the surface with it. It thus happens that the reduction of altitude of the 
mountain is but a small fraction of the thickness carried away by erosion. This 
counter action, of reduction of altitude by erosion and incease of altitude by isostatic 
rise, goes on throughout the entire life of the mountain. When the latter finally 
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disappears by peneplanation the isostatic uplift also ceases. The result is a region 
of great stability, such as is exemplified by the post-Archean peneplain which extends 
over so large a part of Canada. 

Note.—Since writing the foregoing suggestions as to the genesis of batholiths I 
have reread the elaborate questionnaire entitled Problems of the batholiths, published 
April 22, 1933, by a committee of the Division of Geology and Geography of the 
National Research Council, under the chairmanship of Frank F. Grout. 

This array of interrogations and comments ignores the role of isostasy in the as- 
sembling and placing of the material of which batholiths are ultimately built by a 
process of melting and freezing of the roots of folded mountains. It ignores the de- 
pression of the roots into solid dunite having a temperature at which they melt. It 
ignores the isostatic emergence of the roots, first as liquid then as solid, from the 
dunite, and the rise of the column, under the erosional reduction of the mountains 
to peneplains, thus giving us the largest exposures of batholiths where we find them. 
In short, it ignores the essentials of the problem of the genesis of batholiths. 
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ABSTRACT 


This paper, based on surveys made chiefly in 1943 and 1944, describes the geogra- 
phy and geology of central Kane County, Utah, an area of about 570 square miles. 
The region is semiarid, utilized almost entirely as forage ground for sheep and cattle. 

The oldest rocks exposed are the Hermit shale and the Kaibab limestone of Permian 
age. Above these lie the Triassic, Jurassic, and Cretaceous formations characteristic 
of the Colorado plateaus. Igneous and metamorphic rocks are absent. The re- 
gional north and northeast dips of the sedimentary beds have been interrupted by the 
broad Kaibab upwarp, the strongly accentuated East Kaibab monocline, and the 
Paunsaugunt fault, which have disturbed all the formations exposed. The physio- 
graphic history of the region records two long cycles of regional denudation and 
shorter periods of alternating aggradation and degradation. Conspicuous topo- 
graphic features are the White Cliffs and their outlying mesas and peaks, the Ver- 
milion Cliffs, the Shinarump Cliffs, the Kaibab Plateau, the Coxcomb, House Rock 
Valley, and two broad surfaces of erosion—Wygaret Terrace and Kimball Valley. 


INTRODUCTION 


PURPOSE AND SCOPE OF INVESTIGATIONS 


To fill a conspicuous gap and thus provide a continuous geologic strip map across 
the Colorado plateau province from the Colorado boundary line westward to the 
Hurricane Cliffs, surveys were made in 1943 and 1944 in Kane County, Utah. Be- 
cause of the short time available for field studies, and the lack of maps suitable for 
recording geographic and geologic observations, the work was necessarily a recon- 
naissance, supplemented in places thought to be critical by more complete strati- 
graphic lithologic, and geographic detail. However, the text and geologic map pre- 
sent the essentials of stratigraphy, structure, and physiography, and the newly 
compiled geographic base map will be of use when later work is undertaken (PI. 1). 


PREVIOUS SCIENTIFIC WORK 


For the region that includes central Kane County, the geography was first de- 
scribed by members of the Powell and the Wheeler surveys. In 1871, on his second 
traverse of the Colorado canyons, Powell left the boat party at the Crossing of the 
Fathers and briefly examined the geographic features along his route to the village of 
Paria and westward along the Vermilion Cliffs to Johnson and Kanab. Wheeler 
(1889) states that in 1872 Lieutenant L. H. Marshall made a topographic traverse 
from Johnson Creek through Paria (“the last place of civilization in Utah’’) to the 
Crossing of the Fathers and recordedhisobservationsonahachuremap. In1872-1873 
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Alvin H. Thompson, Chief Geographer of the Powell Survey, located the boundary 
between Utah and Arizona, established base lines for latitude and longitude, and 
constructed the maps later published by the U. S. Geological Survey as the Kanab 
and Escalante sheets—the standard topographic maps for Kane and adjoining 
counties. In 1877 much of the flat land south of the Vermilion Cliffs was mapped 
by the General Land Office to give legal standing to squatter rights at Paria, Johnson 
City, and the larger springs. 

A comparison of these maps shows marked differences in drainage pattern and in 
the position and extent of many land forms. Most of the township and section 
markers placed 65 years ago have disappeared. 

The pioneer geologic investigator of the region that includes central Kane County 
was Howell (1875), who in 1873 traversed the canyons of Paria River and extended 
his studies westward along the Vermilion Cliffs, probably as far as Johnson Canyon. 
Howell established the sequence of the sedimentary rocks and recognized the major 
structural features. 

The conclusions of Howell and Thompson, supplemented by a more thorough 
study of the Kaibab upwarp and the adjacent East Kaibab monocline (1875-1877), 
are incorporated in reports by Dutton (1880). 

Since the publication of the comprehensive reports of the Wheeler and Powell 
surveys, papers on special topics relating to central Kane County have been pub- 
lished by Walcott (1890), Lawson (1913), and Noble (1928). The geology of the 
immediately adjacent regions has been treated in more recent reports (Gregory and 
Moore, 1931; Gregory, in press a; in press b). 


GEOGRAPHY 
LOCATION, EXTENT, AND ACCESSIBILITY 


As defined in this paper, central Kane County lies between Johnson Creek and the 
Paria River and extends from the Arizona line northward to the base of the White 
Cliffs—approximately 570 square miles (Fig.-1). Since the once thriving settlements 
of Johnson City and Paria were abandoned the region has no permanent residents. 
Its present commercial center is Kanab (population 1397 in 1940, about 10 miles 
west of Johnson Creek. 

In pioneer days roads passable by wagons extended from Kanab along the base 
of the Vermilion Cliffs to the isolated Rock House in Paria Valley and from Navajo 
Wells across the ‘Buckskin Mountain” (Kaibab Plateau) to House Rock Valley and 
Lees Ferry. Branch roads extended up Johnson Canyon to Skutumpah and Upper 
Kanab (Alton) and reached farm lands located at springs along habitable washes. 
During the 1880’s graded roads from Park Wash and the Paria River gave easy access 
to the ranches in Kitchen Canyon. Most of these old roads have been abandoned. 

The present road system in central Kane County consists essentially of the re- 
located Johnson Valley route and the recently constructed roads from Kanab to the 
Paria River and to the manganese mine at Long Butte. Under favorable conditions 
the established trail in Flood Canyon past Johnson Lakes is adapted to lightly loaded 
trucks, and at times of low water Paria Canyon and the Deer Springs Canyon may be 
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traversed by wagons and precariously by automobiles. On the lowlands south of the 
Vermilion Cliffsand on the Wygaret Terrace west of Deer Springs Canyon most points 
of geologic interest are easily reached on horseback, butin the districts about Boxelder 
Canyon, Tabetimp, and the Coxcomb, surveys involve the traverse of rough ridge 
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Showing the location of central Kane County (cross-lined) and contiguous areas from which geologic reports have been 
prepared. A, Zion Park region; B Pansaugunt region; C, Kaiparowits region. 


tops and canyon floors, crossing vertically walled canyons, and scaling cliffs—tasks 
to be accomplished on foot. 


HISTORICAL SKETCH 


Though archeological investigations in central Kane County have been but in- 
cidental to other studies, they show clearly enough that the pioneer settlers were 
Basket Makers—farmers and hunters who occupied favorable sites in southern Utah 
as early as 2000 B. C. Cliff caves in Starlight Canyon and a few elsewhere contain 
well-preserved implements of wood, bone, horn, and stone, baskets, textiles of yucca 
and other plant fibers, and crudely made pottery characteristic of the Basket Makers. 
The Puebloans who followed the Basket Makers are represented by stone houses in 
Flood Canyon, Park Wash, and on the south slope of No Mans Mesa. In size and 
style of construction their buildings are inferior to those in regions immediately east 
and west and much inferior to the architectural masterpieces erected by their kinsmen 
south of the Colorado canyons. A few petroglyphs and scattered shards of pottery 
are believed to represent the Puebloans, and the abundant arrow points include both 
Basket Maker and Puebloan types. Many of the points doubtless came from the 
chips and logs in the petrified forest on Fossil Wood Wash. 

In the succession of aboriginal tribes in Kane County the Puebloans were followed 
by the Piutes. Escalante, who visited them in 1776, and the Mormons who later 
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took over their lands describe these early settlers as shy, peace-loving, and fairly 
well adjusted to their physical environment. By ingenious methods they caught 
mountain sheep, deer, antelope, and rabbits, porcupines, birds, lizards, and grass- 
hoppers; they collected pifion nuts, roots, and the seeds of sunflower and other 
annuals, and to supplement the food obtained by hunting cultivated small irrigated 
fields of corn, beans, squash, and melons. The Mormon pioneers found Piutes 
attending their crops in Kanab, Johnson, Kitchen, and Paria valleys and along the 
base of the Kaibab Plateau. Though treated with kindness these seminomadic 
people were unable to adopt the white man’s mode of life. This Kaibab clan (Kaiba- 
bits), that in 1870 numbered “several hundred”, is now represented by 80 people, 
cared for by the Government on the Kaibab Reservation, near Mocassin, Arizona. 

In a modern sense exploration of the region that includes central Kane County 
began with the Dominiquez-Escalante expedition of 1776 and, after a lapse of nearly 
a hundred years, was continued by scouts of the Church of Latter Day Saints. 
Escalante briefly described the country along his route south of the Vermilion Cliffs, 
and on the crudely drawn map accompanying his “Diary” Johnson Creek, Navajo 
Wells, the Kaibab Plateau, House Rock Valley, and the Paria River are recognizable.! 

As early as 1865 the “lone hermit”, Don Carlos Shurtz, established residence at 
Rock House in Paria Valley, and in 1869 Captain James Andrus spent several days 
in the vicinity of Rock House in attempts to recover livestock stolen by the Navajos. 
Probably in response to the encouraging reports of Shurtz and Andrus an expedition 
was organized at Parowan in September 1870 to investigate fully the resources of 
Paria Valley, its western tributaries, and the adjoining lands along the Arizona 
border south of Vermilion Cliffs. The exploring party included “Church officials, 
farmers, stockmen, lumbermen, guards, sappers, miners, etc. etc....43 souls’, 
from Beaver, Iron, and Washington counties. Major J. W. Powell accompanied 
the expedition. 

Soon after the report of this Paria River expedition had been published by Bishop 
A. Milton Musser’ and doubtless mainly because of it, settlements were organized in 
Paria Valley and Johnson Valley at the most favorable places, and the villages of 
Rock House, Adairville, Paria, and Johnson City began their eventful history. A 
period of prosperity was followed by a long, futile struggle to control the erratic 
behavior of eroding streams. At present Paria and Johnson City are ghost agri- 
cultural towns, many outlying farms are deserted, and eastern and central Kane 
County have no permanent residents. 

Of the 2,698,000 acres that make up Kane County, 4600 acres are classed as “‘ir- 
rigable,” and, including dry farms, 0.25 per cent of the area was under cultivation in 
1940. Profitable farming in central Kane County is restricted to lower Johnson 
Valley and Seeps Wash, where a few families cultivate 670 acres of irrigated and dry 
land during the growing season for crops, and then move out, leaving only caretakers. 

From time to time buildings have been constructed and machinery installed at 


1 The long-lost map of the route of the Dominiquez-Escalante expedition, prepared by Don Bernado de Miera y Pachero 
in 1777, is reproduced in the Utah Historical Quarterly, vol. 9, 1941, where it is described by J. Cecil Alterand Herbert S. 
Auerbach. 

2 Desert News, September 21, 1870. 
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places which seemed favorable for the recovery of minerals of economic value. 
During the years 1910-1913 about 20 men were working at “the Paria gold mine”, 
and at the same place in 1943 a group of men were attempting to mine mercury. 
Manganese-bearing rocks in Mine Gulch near the mouth of Park Wash have been 
quarried intermittently. Though this deposit contains an estimated 70,000 tons of 
ore with a manganese content of 10 per cent, its profitable operation is prevented by 
the lack of near-by water and the necessary truck haulage of 135 miles to the nearest 
railroad. 

Experience during 75 years of occupancy has demonstrated that Kane County is 
a “cattle country”, generally unsuitable for farming and mining. It is primarily a 
range for stockmen who have their homes in Kanab, Orderville, Glendale, Cannon- 
ville, and Tropic. In the words of “Jet” Johnson, who has spent his long life in 
developing water for agriculturai and forage lands, “Cattle raising kept the people 
here while they were fighting for water and ever since then cattle, some sheep, 
Angora goats, and hogs have been the main source of income.” 


CLIMATE AND VEGETATION 


As elsewhere in the Colorado plateau country, the climate of central Kane County 
is semiarid and characterized by wide annual, seasonal, monthly, and daily ranges in 
precipitation and temperature. The climate of the region south of the Vermilion 
Cliffs at altitudes of 4500 to 5500 feet is fairly well represented by records at Paria 
and Kanab, and field observations and the accounts of stockmen indicate that, except 
for a greater snow fall, a few more rainy days, less persistent winds, and somewhat 
lower temperatures, the climate of the areas above 6000 feet closely resembles that 
of the lower lands. At Paria (altitude 4700 + feet) the records show a mean annual 
precipitation of 8.45 inches, a maximum of 14.09 inches, and a minimum of 4.85, 
and fairly even distribution throughout the year. Summer temperatures exceeding 
100° are normal, but winter temperatures below zero are rare. At Kanab (altitude 
4925 feet), the mean annual precipitation is 13.18—7.29 inches for the driest year 
and 20.70 inches for the wettiest year. The heaviest precipitation, about 40 per 
cent of the annual, comes in January, February, and March, and the lightest in 
April, May, and June. At this station the average temperature for January is 32.3; 
for July 74.1—the extremes are 106° and — 20°, and normally the lapsed time between 
the last killing frost of spring and the first killing frost of fall—the growing season 
for crops—is 151 days; in exceptional years, less than 120. 

Snow to a depth of a few inches covers the lower lands intermittently during 
December, January, and February; on the higher lands it may fall any time between 
October and March and remain in sheltered places until April or May. Representa- 
tive of considerable areas, 37 inches of snow has been measured at Nephi Ranch and 
22 inches at Kanab. Unlike the water from rains, most of which rushes from the 
surface before it can percolate into the soil, that from melting snows soaks into the 
ground, thus feeding springs, giving sustenance to plants, and slowly pouring water 
into stream channels at the time when most needed for irrigation. The best grazing 
lands are those that receive the most snow; most of the cattle spend the summer 
season on the highland back of the Vermilion Cliffs. 
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In central Kane County ‘the scant and erratically distributed rainfall, the short 
growing season, and the dominantly siliceous soil are unfavorable for luxuriant plant 
growth. The cover of vegetation—everywhere patchy and over considerable areas 
essentially absent—is characterized by many species, each represented by a few 
individuals classed as representatives of the Upper Sonoran and the Transition 
zones. South of the Vermilion Cliffs, at altitudes of 5000 to 6000 feet, the most 
common plants are juniper and pifion——the “pigmy forest”—cliff rose, gray sage, 
rabbit brush, black brush, Brigham tea, and numerous annuals. These plants in 
less abundance grow along canyons and low divides at altitudes above 6000 feet, 
where they are accompanied by mountain mahogany, manzanita, and Gambel oak, 
serviceberry, several species of grass, and a few of yellow pines. Along the Paria 
River and lower Kitchen Creek, cottonwoods, here and there accompanied by willows, 
are fairly common, and at a few springs birch trees form small groves. The vegeta- 
tion characteristic of central Kane County is shown on Plates 3, 4, and 9. 


GEOGRAPHIC FEATURES 


Major land forms —Central Kane County is part of the Colorado Plateau province: 
a vast region of plateaus, rock terraces, cliffs, canyons, mesas, angular ridges, and 
broad mounds, drained by elaborately branched perennial, intermittent, and ephem- 
eral streams. Most of the local geographic features are duplicated elsewhere in 
southern Utah, also in northern Arizona, where rocks similar in composition, attitude, 
and age have been subjected to the same processes of erosion for the same length of 
time. About 50 per cent of the region lies between 5000 and 6000 feet above sea 
level. The extremes of relief are Black Rock Point on the White Cliffs (altitude 
6800 feet) and the mouth of Kaibab Creek (altitude 3800 ? feet). However, because 
the strata dip north and northeast this topographic interval of 3000 feet is much 
less than the stratigraphic interval; the sequence of the sedimentary strata between 
the bottom of the Kaibab Gulch and the top of the White Cliffs is as much as 4500 
feet. 

Though in detail intricate, on a regional scale the geographic pattern of central 
Kane County is fairly simple; it comprises two types of general topography separated 
by the Vermilion Cliffs, which, except where incised by a few canyon trenches, 
extend continuously from the Paria River westward across Kane County as a pic- 
turesque, nearly vertical wall, 1000 to 1500 feet high (Pls. 3, 4). South of this 
erosion escarpment, where the altitude above sea level averages about 4500 feet, 
the land has low reliei—some of it substantially flat—,and except for short stretches 
at their heads the streams with gradients less than 30 feet a mile occupy inconspicuous 
runways in broad shallow valleys, and some of their courses are clearly discernible 
only at times of floods (Pls. 5, 6). From this general surface of low relief, and es- 
pecially near the Vermilion Cliffs, rise mounds, mesas, and cuestas 10 to 100 feet high 
that mark the position of rock masses that so far have escaped the general denuda- 
tion. In this area, however, uneroded bedrock is scarce; much of the surface is 
mantled by alluvium from distant sources or by-products of local rock disintegration. 

In contrast to the generally flat lands south of the Vermilion Cliffs—in Kimball 
Valley and elsewhere along the Utah-Arizona boundary line—the topography of 
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the region that extends from the crest of the Vermilion Cliffs northward to the base 
of the White Cliffs is rough. On the Wygaret Terrace the rocks have been trenched 
by master streams and innumerable tributary streams which occupy narrow, flat- 
floored canyons and on emerging from the Vermilion Cliffs flow between nearly 
sheer walls 500 to 800 feet high. Generally on the Wygaret Terrace the intercanyon 
areas are characterized by low broad-based buttes of bare rock, rounded ridges, and 
gentle slopes, in places coated with soil, and on which here and there sand from the 
washes has been deposited as dunes. Conspicuous exceptions to this general ex- 
pression are the isolated boxlike mesas along the crest of the Vermilion Cliffs, No 
Mans Mesa, and the magnificent Tabetimp (White Cone; Mollie’s Nipple), a lonely 
outlier of the White Cliffs which rises more than 760 feet above the adjoining ridges. 
However, if the canyons were filled and the higher prominences erased, the area 
between the Vermilion Cliffs and the White Cliffs would be expressed in the regional 
topography as a plain of low relief with a northward inclination of 1°-3° and thus 
accord roughly with the attitude of the sedimentary beds. 

Disregarding the regional pattern the outstanding geographic features of central 
Kane County are the White, the Vermilion, and the Shinarump cliffs which record 
the differential erosion of flat-lying sedimentary beds, and the Kaibab Plateau, the 
Coxcomb, and House Rock Valley which owe their form and residual altitudes to 
the upwarping of strata. As pointed out by Dutton and his associates long ago, 
the erosion of once-continuous, high-lying, horizontal sedimentary rocks in the region 
north of Grand Canyon has produced a stairway in which the treads measure the 
amount of soft rock removed and the risers the thickness of the hard rocks—indi- 
vidual strata or groups of strata similar in durability. In central Kane County the 
major steps are the Vermilion Cliffs, which rise precipitously about 1000 feet above 
the broad Kimball Valley, and the White Cliffs, 800 to 1200 feet high, which mark 
the northern boundary of the Wygaret Terrace. Below the Vermilion Cliffs, the 
Shinarump Cliffs, 100 to 300 feet high and conspicuous because of their color and 
steepness, cross Fossil Wood Wash and Seamans Wash and extend southwestward 
into Arizona (Pls. 1,2). Because these lines of cliffs are far apart their features and 
relations are not everywhere discernible; generally in Kane County the view of the 
White Cliffs is blocked out by the Vermilion Cliffs. Farther south in Arizona on 
the slopes of the Kaibab Plateau, along U. S. highway 89, all these great escarpments, 
also the minor escarpments and benches, are visible; they appear as huge walls, 
attractive alike for their architecture and distinctive colors—one of the great pan- 
oramas of the plateau country. East of the Kaibab in House Rock Valley and at 
the mouth of Paria River, the White Cliffs, the Vermilion Cliffs, and the Shinarump 
Cliffs are close together; essentially they are benches in an otherwise vertical wall. 

The Kaibab Plateau that dominates the topography of northern Arizona extends 
into Utah with little change in essential characteristics. In central Kane County it 
is represented by a broad nearly flat surface at an average altitude of 6000 feet and 
descends westward and eastward in conformity with the dip of the underlying rocks. 
The top of the plateau is dissected by swales and sink holes, and its edges are incised 
by widely spaced, deep, narrow, short canyons that lead to House Rock Valley and 
Johnson Creek. Remarkable features of the topography are Kaibab Gulch and 
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Sand Gulch, which, with the exception of the Colorado River, are the only drainage 
channels that cross the Kaibab Plateau and its southward extension, the Coconino 
Plateau, in a distance of about 200 miles in Utah and Arizona. 

The Coxcomb is the crest of the narrow East Kaibab monocline, in which the 
strata have been upturned at angles as great as 50°. Near Adairville the structure 
stands about 1200 feet above the Paria River and with decreasing height and definite- 
ness of outline extends across Kane County and far into Arizona. Like the Kaibab 
plateau, the Coxcomb is crossed by two streams that occupy narrow runways. 
From its broad valley at Paria, the Paria River plunges into Shurtz Gorge, 900 feet 
deep and less than 100 feet wide, and within a mile again flows over flat land. Sand 
Creek crosses the structure in Catstairs Gorge—a narrow, remarkably rough defile. 

House Rock Valley is a conspicuous trench that separates the Kaibab Plateau from 
from the Coxcomb. It lies 500 to 1000 feet below the adjacent highlands. Es- 
sentially the valley follows the strike of tilted strata, and its development has been 
greatly facilitated by the general softness of the rocks along its course. For consid- 
erable distances the western border of the valley is clearly defined by the down- 
turned beds of limestone that cap the Kaibab upwarp; its eastern border, by the 
eroded edges of strata involved in the East Kaibab monocline, or by the nearly 
horizontal strata that form the high-lying West Clark Bench (PI. 9). The valley 
floor varies much in width and form. In places it is a mile wide and nearly flat; 
in other places it is narrow and crudely dissected. Locally hogbacks, cuestalike 
mesas, and fault blocks, exposed by differential erosion, rise from the floor; rock 
gorges sink below it. Though House Rock Valley is a continuous depression which 
slopes generally southward, it is not the course of a stream. In Kane County the 
waters that enter it are carried to Paria River and on to the Colorado by Sand and 
Kaibab creeks, which cross the valley nearly at right angles. 

Streams and valleys —The streams in central Kane County are parts of the Colorado 
River drainage system. About half of the run-off reaches the Paria River directly 
through short channels cut into its canyon walls or indirectly through Sand Creek 
and the long Park Wash and Deer Springs Creek which unite to form Kaibab Creek. 
The remaining run-off reaches the Kanab Creek after passing through Johnson 
Creek. In most places the boundaries of the Paria and Johnson drainage systems 
are poorly defined. Thus on the western Wygaret Terrace the long streams of low 
gradient that flow westward to Johnson Creek meet the short steep east-flowing 
tributaries to Deer Springs Creek on a surface marked by mounds, swales, open 
flats, and accumulations of drifting sands where the source and trend of running 
water are difficult to determine; on the flat top of the Kaibab Plateau the headwaters 
tributary to Kaibab Creek interlace with those in Johnson Creek; and in eastern 
Kimball Valley and elsewhere on the lowlands south of the Vermilion Cliffs some 
tortuous tributaries to Kaibab, Paria, and Johnson creeks are so placed that their 
relations are determinable only when the region is sheeted with water from heavy 
rains. In most places the Vermilion Cliffs is a conspicuous water parting; from 
their crest the drainage trends northward in channels of through-flowing streams of 
low inclination and southward through nearly vertical slots; only the Johnson, Deer 
Springs, and Kaibab creeks and the Paria River pass through the cliffs. Most 
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stream divides in central Kane County are shifting from the Paria River to the more 
favorably placed Johnson Creek drainage basins. On the way to the Colorado 
River the Paria River maintains channels through folds, but Johnson Creek en- 
counters no structural obstacles. Furthermore, in about the same distance Deep 
Springs Creek, continued as Kaibab Creek and the Paria River, descends 5000 feet 
to the Colorado, and Johnson Creek, continued as Kanab Creek, 6120 feet. 

In central Kane County the profile of most streams is a succession of relatively 
gentle and relatively steep gradients. For long distances the stream profile is smooth 
and nearly flat, but where rock floors the channels it is broken by steps that measure 
the thickness of the harder strata, commonly 3 to 10 feet. In crossing the Navajo 
sandstone at the Catstairs the bed of Sand Creek drops abruptly about 150 feet. 
In their course across central Kane County, Deer Springs Creek, continued as Kaibab 
Creek, descends about 70 feet a mile, Paria River 60 feet a mile, and Johnson Creek 
40 feet a mile. In places these streams meander in shallow trenches across alluvium 
on gradients as low as 20 feet a mile. On the other hand some tributary streams that 
rise on the face of White and Vermilion cliffs rush down narrow grooves and over 
falls where gradients of 200 to 500 feet a mile are common, and short streams that 
score the flank of the Kaibab Plateau descend as much as 800 feet ina mile. Though 
the gradients of the major streams are generally less than for those of corresponding 
size in most adjacent regions, their interrupted profiles, scoured rock floors, and 
characteristically large load of rock waste indicate rapid erosion. All the streams 
are deepening their beds in alluvium and rock, sweeping away the enormous quantities 
of fine sediment that periodically clog their flow, and pushing along the coarser 
debris dumped into their channels by tributary gulches and land slides. 

In developing their meandering courses and in modeling the landscape, the streams 
in central Kane County have been little influenced by the dip and strike of the strata. 
The chief control has been the composition and texture of the rocks encountered. 
The regional dip is north and northeast, but the major streams flow southeast, south, 
and southwest; only a few short streams along the south edge of the Wygaret Terrace 
and on the flanks of the Kaibab Plateau are adjusted to the dip of the rocks. 

The relative resistance of rocks to erosion is shown along streamways where, 
during the same length of time, deep canyons have been worn into the massive and 
firmly cemented sandstones and limestones, and wide valleys in the less resistant 
shales. Between the Vermilion Cliffs and the Kaibab Plateau, where most of the 
rocks are soft, erosion has produced areas of essentially flat land. The effect of rock 
composition on rate and manner of stream erosion is also shown by the mesas, 
pinnacles, and stub-ended ridges—remnant masses of soft rock protected by durable 
caps. Downcutting by the short streams and for long stretches by the longer 
streams has involved chiefly the passage from one to another nearly horizontal bed 
of alluvium or rock. Conspicuous exceptions are presented by Kaibab and Sand 
creeks and the Paria River, which flow from one area of flat-lying strata to another 
through the upturned rocks that form the Kaibab Plateau and the East Kaibab 
monocline. 

In central Kane County the stream channels are so distributed as to facilitate 
complete run-off, but the average precipitation is too small and too variable in time 
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and place to permit many streams to flow continuously. In normal years Johnson, 
Flood, Kitchen, Starlight, and Kaibab creeks, and the Paria River are through- 
flowing, though at times the bed of the Kaibab is dry for long stretches, and the 
Paria is reduced to a mere trickle. The long Park Wash and Deer Springs Creek 
and a few smaller streams are perennial at their heads and at places along their 
courses where springs emerge or bedrock is at or near the surface. By far the greatest 
number of streams in the region are ephemeral; they carry water only for short 
periods after rains. 

Springs and lakes.—Springs are insignificant elements in the drainage system. 
Most of them are groups of seeps that issue from canyon floors at various levels or 
from the base of walls in alluvium or bedrock within areas of several hundred square 
feet; Rock Spring near Johnson is one of the few that emerge from a definite orifice. 
Of 12 springs measured in 1943—a year of normal rainfall—only the “Big Spring” 
at Johnson Lakes yielded as much as 6 gallons a minute; flows of less than 1 gallon 
a minute are more common. However, despite their size, small yield, and seasonal 
fluctuation, the springs on the Wygaret Terrace are invaluable sources of water for 
sheep and cattle, and south of Vermilion Cliffs the Seeps, Seaman, Clark, and Jepson 
springs, Jenney Clay Holes, and the historically famous Navajo Wells supply small 
amounts of palatable water for livestock and men. In pioneer days these springs 
made possible traverses by wagon across the arid lands between the settlements on 
Johnson Creek and the Paria River. 

Though the region as a whole is thoroughly drained and the flow of perennial, 
intermittent, and ephemeral streams is generally unobstructed, some of the meadows 
in Stewart Valley are swampy, and ponds interrupt the otherwise continuous run- 
off in Lake Canyon and upper Kitchen Valley. Johnson Lakes—the largest about 
2 acres in area—are fed by springs that emerge at the base of sandstone walls and by 
seeps in the alluvium of the canyon floor. These small lakes, though subject to 
seasonal and cyclical variations in volume, are perennial and since pioneer days have 
provided ample water for livestock that graze in the generally arid surrounding 
region. The ponds at the head of Kitchen Creek occupy low places on alluvium 
where the valley gradient is too flat to permit easy run-off and are fed chiefly by rain 
water and melting snow and therefore vary in volume and area in accord with cycles 
of heavy and light precipitation. It is reported that in pioneer days there were 
three “Kitchen lakes”, each about an acre in extent and bordered by grassy meadows, 
and that since about 1885 they have been largely filled by stream wash. When 
visited in 1931 all the lakes were dry; and in the summer of 1943 they were repre- 
sented by a shallow pond in which reeds and other water plants were growing. 
Unless artificially protected the bodies of standing water in both Lake and Kitchen 
valleys seem destined to short lives. 


SEDIMENTARY ROCKS 
GENERAL STRATIGRAPHIC RELATIONS 


The sedimentary rocks in central Kane County are chiefly Triassic and Jurassic. 
Along Paria River a short narrow band of Cretaceous strata is exposed, and rocks of 
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Permian age line the deep canyons that cross the Kaibab Plateau. In physical 
composition, stratigraphic sequence, general topographic expression, and age the 
subdivisions of these rocks are the somewhat modified equivalents of those exposed 
elsewhere in southern Utah, and some are coextensive with the Colorado Plateau. 
Without significant change in character, the Permian and Triassic formations in 
Kane County extend westward in Utah to the Virgin River Valley and southward 
into Arizona, and the Jurassic and Cretaceous formations extend northward and 
eastward along the Paria River and the base of the Kaiparowits Plateau. In fact, 
throughout southern Utah, the stratigraphic features are so persistently characteristic 
that descriptions of formations in adjacent regions apply in most respects to central 
Kane County (Gregory, in press a, b; Gregory and Moore, 1931). Therefore in 
this paper stratigraphic discussion is restricted chiefly to distribution, general char- 
acteristics, and local variations. 


PERMIAN FORMATIONS 


General statement —Permian rocks are exposed in canyons in the Kaibab Plateau— 
essentially the Kaibab upwarp. Along the eastern and western sides and at the 
northern edge of the plateau the steeply dipping Permian passes beneath Triassic 
and for long distances beyond is lost to view. Along the crest of the upwarp south 
of Road Creek these beds may be traced southward to the rim of the Grand Canyon 
of the Colorado, where they were mapped by the Powell and Wheeler surveys as 
part of the “Aubrey” group and assigned to the Carboniferous. More recently this 
roughly outlined group has been defined as comprising four stratigraphic units: 
the Supai formation (Pennsylvanian and Permian ?), the Hermit shale, Coconino 
sandstone, and Kaibab formation of Permian age. In central Kane County the 
Hermit shale was observed only at the bottom of Kaibab Gulch. The upper and, 
in places, the middle part of the Kaibab crop out in swales and shallow canyons on 
the surface of the Kaibab Plateau, and the entire formation is displayed in Kaibab 
Gulch in contact with the Hermit below and the Moenkopi formation above. (See 
Section 1.) In central Kane County rocks referable to the Coconino sandstone and 
the Supai formation are absent. 

Hermit shale and Kaibab limestone—The Hermit shale consists essentially of ‘red 
sandy shale and fine-grained massive friable red sandstone, which exhibits 
concretionary structure’ (Noble, 1928). The Kaibab limestone varies much 
in composition and stratigraphic sequence. Though dominantly drab-gray 
or buff limestone, in beds 1 to 15 feet thick—commonly 2 to 6 feet—the Kaibab 
includes thick and thin beds of light-gray, white, and yellow beds of sandstone, 
shale, travertine, breccia, and conglomerate. Commonly the calcareous and are- 
naceous materials are poorly segregated, but in some places the sandy beds are 
interstratified with compact, nearly pure limestones—crystalline or amorphous 
calcite or dolomite. Conspicuous features of the limestone are the nodular aggre- 
gates and lenses of chert which in places make up a considerable part of the rock. 
Quartz geodes are fairly common. In the development of topography the Kaibab 
limestone has been an important control. Along the crest and upper slopes of the 
Kaibab upwarp its resistant limestone beds, exposed by the removal of weak overlying 
sediments, form continuous platforms that are incised by incipient erosion channels 
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and sink holes. Where deeply trenched by streams they stand as vertical cliffs 
broken into segments by joints and bedding planes, or as walls of slightly recessed 
steps, whose height measures the thickness of individual beds. Most canyon walls 
built of Kaibab strata show two or more vertical cliffs of compact cherty limestone 
separated by slopes of sandstone and sandy, calcareous shale. 

The fossils collected during the survey represent the well-known fauna that 
characterizes the Kaibab limestone. They identify the formation as a Permian 
marine deposit and, considered in connection with the abundant sandy material, 
suggest near-shore, shallow-water environment. 

A time break between the Kaibab limestone and the overlying Moenkopi formation 
is demonstrable, but its exact position is not everywhere easy to define. In places 
the interval is marked merely by weakly cemented, contorted, sandy shale, which on 
weathering produces grooves on canyon walls. Commonly interruption in deposition 
is shown by jumbled beds of brecciated limestone between thick-bedded resistant 
Kaibab limestone and the thinly bedded, more friable limestones of the Moenkopi 
formation. More rarely at the contact an uneven surface of compact limestone is 
covered by overlapping short lenses of resistant conglomerate composed of slightly 
weathered limestone, calcareous sandstones, sandy shale, chert, and rare pebbles of 
vari-colored quartzite. At the head of Kaibab Gulch calcareous shales, in which 
occur “productoid and martinoid brachiopods”, assigned by G. A. Cooper to the 
Permain, lie less than 10 feet below coquina made of Lower Triassic gastropods and 
fragmentary ammonites. Likewise, in gullies that trench the eastern slope of the 
Kaibab upwarp, limestone and breccia, well stocked with diagnostic Permian fossils, 
directly underlie the fossiliferous limestones of Triassic Moenkopi (Pl. 3). The 
regional evidence suggests that sea waters receded from southwestern Utah in late 
Permian time and reappeared in early Triassic time, and that emergence and sub- 
mergence produced little change in the physical character or the attitude of the sedi- 
ments that constitute the Kaibab and the lowermost Moenkopi. 


TRIASSIC FORMATIONS 


Regional relations and subdivisions—The most complete exposure of Triassic 
sediments in the Colorado Plateau Province is in the Virgin River Valley between 
Springdale and Virgin City, where the formations are displayed in two steep slopes, 
each more than 1500 feet high and clearly distinguished by color and manner of 
erosion. The lower slope, rising from a flat floor of limestone and continued upward 
by color-belted, thin-bedded sandstones, sandy limestones, and gypsiferous shales, 
includes all but the basal strata of the Moenkopi formation. The upper slope of 
brightly colored, intricately carved shales of variable composition, overlain by red 
sandstone, constitutes the Chinle formation. Between these two magnificent belts 
of rock lies the equally distinctive Shinarump conglomerate, a bed of gray sandstone 
less than 100 feet thick which forms cliff steps and tops of mesas. Eastward across 
southern Utah to the Paria River, and southeastward to Lees Ferry in Arizona, the 
arrangement of the Triassic strata along the Virgin River is maintained. The 
Moenkopi, Shinarump, and Chinle are present, though not completely expressed in 
terms of cliff and slope. 

In central Kane County rocks of Triassic age, though widely distributed, have been 
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so elaborately eroded that the formations are nowhere exposed in unbroken sequence. 
Generally in the region northwest of the Kaibab Plateau the lowermost and upper- 
most beds of the Moenkopi formation, all of the Shinarump conglomerate, and the 
resistant upper sandstones of the Chinle formation remain intact, and along Lower 
Road Creek the entire Chinle formation is in view (PI. 2, fig. 2). In contrast the 


FIGURE 2. per section House me Valley near the mouth of Pine Hollow 
Constructed by Bronson Stringham 


soft lower Chinle and middle Moenkopi have been largely removed by denudation 
and are now represented by disconnected mounds and ridges that rise above a debris- 
littered surface. In the House Rock Valley from the mouth of Sand Gulch south- 
ward the basal limestones and the topmost sandstones of the Triassic extend for long 
distances without interruption; here and there patches of gypsum in the Moenkopi 
and of variegated shales in the Chinle are conspicuous; from place to place tiny 
cuestas of Shinarump conglomerate rise from the valley floor. However, in places 
along the valley some of the formations have been cut out by faults or covered by 
landslides, alluvial fans, or stream wash (Fig. 2). In the absence of established topo- 
graphic reference points, the time available was insufficient for classifying and fixing 
the position of the scattered outcrops. Therefore, on the geologic map (PI. 1) the 
Shinarump and the Chinle formations in House Rock Valley are shown as a single 
stratigraphic unit. 

Compared with its expression in other parts of the plateau country, the Chinle 
formation of central Kane County closely resembles that in Virgin River Valley but 
contains less limestone and much more sandstone than its type section in the Navajo 
country; the Moenkopi formation includes all the various groups of strata that char- 
acterize this formation in southwestern Utah but contains two, perhaps three, marine 
beds that are absent from outcrops in the Little Colorado Valley; the Shinarump 
conglomerate is finer in grain and contains less fossil wood than at most places in 
Utah and Arizona. 
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Ficure 1. Looxinc East From PIONEER GAP 
Across Seaman Wash, the Shinarump Cliff to the foothills and wall of Vermilion Cliffs. Trm, Moenkopi 
formation; Trs, Shinarump conglomerate; Trc, Chinle formation. 


Ficure 2. Looxinc Nortu From Lower Roap Creek 
Across Petrified Forest member (Trepf) and the upper red sandstone member (Trcur) of the 
Chinle formation. 


VIEWS ALONG VERMILION CLIFFS 
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The average measured thickness of the Triassic sediments in this area is about 
2000 feet and thus exceeds the maximum thickness recorded for the Kaiparowits 
region (1075 feet), the San Juan region (1270 feet), the Navajo Country (1618 feet), 
and the San Rafael Swell (1245 feet) but is considerably less than that in the Zion 
Park region (3080 feet). 

Moenkopi formation—Though much of the Moenkopi formation in central Kane 
County is concealed beneath disintegration products and alluvium, enough is ex- 
posed to permit recognition of its general features and some of its specific features 
and also to indicate its structural relations, its age, and the conditions under which it 
was deposited. The widely spaced outcrops show that the formation consists pre- 
dominately of dark-red and chocolate-brown sandstone, in beds which might ap- 
propriately be classed as shale—some of it as mudstone—and includes beds of lime- 
stone, gypsum, and lenticular conglomerate. The sandstone consists chiefly of 
generally well rounded, poorly sorted, fine- and medium-sized grains of quartz 
(90+ per cent), decomposed feldspar, and rare mica. It includes also lenses and 
scattered aggregates of conglomerate in which pebbles of limestone, sand nodules, 
and concretionary mud balls are conspicuous. The limestone is widely distributed 
as nodular, thin, compact lenses and small conglomeratic masses and assumes promi- 
nence at the base of the formation and a few hundred feet above where groups of 
calcareous beds are as much as 30 feet thick. Gypsum is common as original beds 
and secondary deposits in joint cracks. Of these sediments some seem to have been 
deposited in an open sea, some in bays and lagoons along the coast, and some in 
broad shallow valleys not far from the shore line. The shifts from marine to brackish 
water or to fresh-water conditions is marked in places by erosional unconformities, 
in other places by an abrupt or gradual change in the character of the sediments. 

In southern Utah and northern Arizona the Moenkopi formation comprises units 
of strata sufficiently distinctive to justify their recognition as subdivisions or mem- 
bers. Though in composition these groups are not exclusive and their boundaries in 
many places are indefinite, as generalized lithic and color units they occupy the same 
relative position in all measured sections and record comparable changes in origin 
and manner of deposition. In Virgin River Valley, where the entire formation is 
exposed, the subdivisions have been studied in detail and named. Because all of 
them have been traced eastward to the Paria River the terminology of the standard 
section as applied by Reeside and Bassler (1922) and modified by Gregory (in press, a) 
has been adopted as suitable for central Kane County. 

In outline the characteristic features of the six recognized subdivisions of the 
Moenkopi formations are as follows: 


Shinarump Conglomerate: Upper Triassic 


Unconformity 
Moenkopi formation: Lower Triassic 

6. Upper red member.—Shale and thin imbricated sandstone, brown and chocolate-colored, crossed 
by rare white bands; gypsiferous throughout and crisscrossed with seams and joint fillings of gypsum; 
tipple marks common. Weathers as fluted walls. Thickness 98-130 feet. 

5. Shnabkaib member.—Gypsum, white, green white, and pink, much of it arenaceous; weakly 
cemented, poorly defined beds irregularly alternating with light-red gypsiferous shales; intricately 
dissected into bad lands. Thickness measured 138-236 feet; average estimated 180 feet. 
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4. Middle red member.—Sandstone generally red; calcareous and gypsiferous; thin regular beds, 
some lenticular and nodular; ripple-marked. Weathers into low mounds and flats. Average thick- 
ness 240 feet. 


3. Virgin limestone member.—Marine limestone, dark gray; thin, markedly lenticular beds } to 1 
foot thick, in places shaly; generally arenaceous; fossiliferous. Forms low cliffs and caps for mesas 
and ridges. Thickness 16-45 feet. 


Unconformity (?) 

2. Lower red member.—Sandstone, red and brown; imbricated, shalelike beds, some ripple-marked 
and sun-cracked; gypsiferous. Weathers as low.steps. Thickness estimated 200 + feet (PI. 4, 
fig. 1; Pl. 5, fig. 1). 

1. Timpoweap member.—Upper part: shale, yellow, white, brown, and red; ferruginous, calcare- 
ous, arenaceous, and gypsiferous; includes calcareous sandstone in beds 1 to 3 feet thick. Lower 
part: limestone, gray and buff; hard, irregular beds; fossiliferous. Exposed as bare surfaces and the 
rims of canyons. Average thickness 170 feet. 


Unconformity 
Kaibab limestone: Permian 


Viewed as groups of “Triassic red beds”, the lower, middle, and upper red members 
of the Moenkopi formation are much alike; they have the same range in size of grain, 
in thickness and extent of individual beds, and in position and continuity of lateral 
disconformities. Sun-hardened surfaces, sun cracks, and the spoor of land animals 
(reptiles ?) indicate intermittent deposition, and the common ripple marks the 
presence of shallow water. Most of the sediments of these red members are believed 
to have been deposited by streams that traversed a coastal plain of low relief, but 
the included bedded gypsum and the thin lenses and aggregates of limestone that 
contain fragmentary marine (?) mollusks suggest that at times sea water or at least 
brackish water was present. Analyses of 14 samples from prospect trenches in the 
upper red sandstone of the Moenkopi are reported by Lawson (1913) to yield an 
average of 4 cents a ton of gold. 

The Shnabkaib member of the Moenkopi is well exposed in central Kane County 
at Banded Butte and adjoining mesas and in cliffs that extend past the mouths of 
Sand Gulch and Kaibab Gulch, where the upper red beds and the Shinarump con- 
glomerate afford protection (Pl. 4, fig. 2). Elsewhere the member has been dis- 
integrated and in places reduced to a white powder, blown about by wind. The 
distinguishing features of the member are the white horizontal gypsiferous bands 
that, lying between red shales, decorate cliff faces, canyon walls, and may be traced 
across flat lands. These bands, commonly 6 to 20 in a series, and a few inches to 4 
feet in thickness, roughly outline a distinctive stratigraphic unit, which, however, has 
no definable boundaries. The clearly marked gypsum and highly gypsiferous beds 
merge above and below into the less gypsiferous upper and middle red beds. The 
Shnabkaib is probably a marine, or at least a brackish-water, deposit. The wide- 
spread, thinly and evenly laminated gypsum and accompanying shales suggest 
deposition in the quiet waters of coastal lagoons. 

The Virgin limestone member of the Moenkopi in central Kane County lacks the 
massive beds and the somewhat regular lamination characteristic of its type exposures 
near Virgin City, Utah. Though it includes thin, brittle beds of nearly pure fos- 
siliferous limestone, as a whole it is highly arenaceous, very unevenly bedded, and 
its surface is roughened by geodic masses and circular indentations. Along the road 
from Pioneer Gap to Kaibab Creek the member in few places is more than 25 feet 
thick, whereas its average thickness in Virgin Valley is about 90 feet and in Kanab 
Valley 75 feet. Farther east in House Rock Valley the thickness is 4 to 6 feet and 
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in places only about 2 feet. Still farther east measured sections reveal no fossiliferous 
limestone in this stratigraphic position. Apparently the waters of a western sea 
shallowed eastward and reached their limits in the vicinity of the present Paria 
River. 

The Timpoweap member of the Moenkopi, exposed on the flanks, and in places at 
the top of the Kaibab Plateau, consists of three unlike groups of strata: at the base, 
conglomerates and breccia; higher up, limestone; and at the top variegated shales 
(Pl. 3). The conglomeratic beds are unevenly distributed and remarkably variable 
in composition. The limestones are the rim rocks of many canyons and on inter- 
canyon areas commonly form broad surfaces of bare rock, crisscrossed by conspicuous 
joints. The soft yellow, red, and gray shales generally have been stripped from the 
limestone but remain here and there in low ridges and rounded buttes. In coler, 
style of bedding, and resistance to erosion the limestones in the Timpoweap are much 
like those that make up the Kaibab limestone, and in combination these two groups 
of resistant rock form the surface of the Kaibab Plateau. Doubtless because of this 
relationship and the paucity of diagnostic fossils, the different ages of the two lime- 
stones were overlooked by the geologists of the Powell and the Wheeler Surveys, by 
Darton (1925), and by other students (Noble, 1928; Gregory and Moore, 1931). 

Recent studies show that the Timpoweap in central Kane County and westward to 
the Hurricane Cliffs is a definable stratigraphic unit which in age, and toa less degree in 
physical character, is unlike the normal Kaibab that lies unconformably beneath it. 
The basal Timpoweap beds, which have been dubbed “Kaibab limestone with Triassic 
fossils”, are probably part of the sequence hitherto mapped as Kaibab in other parts ° 
of the plateau country. 

Fossils in the Moenkopi formation of south-central Kane County, though few have 
been specifically identified, clearly represent the large fauna that in the Virgin River 
Valley fixes the age of the formation as Lower Triassic. In the spongelike masses 
of shell fragments from the Timpoweap member in Kaibab Gulch, Reeside (1943) 
recognized ‘Molds of various undetermined gastropods and the ammonite Meeko- 
ceras, Lower Triassic,’”’ and in studying fossils from Quarry Ridge in rocks mapped 
respectively as the Timpoweap and the Virgin limestone members of the Moenkopi 
formation he found that: 

“Both of these lots contain masses of gastropods similar to those in other collections found at a 
number of places in the lower part of the Moenkopi formation. None of them have ever been de- 


scribed but at many places they are associated with Meekoceras, which marks them definitely as 
Triassic. I have never seen any of these gastropods in the Kaibab.” 


Regarding fossils collected at the base, on the flanks, and at the top of the Kaibab 
Plateau along the Utah-Arizona boundary line Reeside (1945) remarks: 

“One lot, No. 5, is definitely Paleozoic. One lot, No. 4, was referred in the field to the Virgin 
limestone member of the Moenkopi and the fossils fit. The remaining three lots I would assign with 
some hesitation to the Triassic. There are no forms that I recognize as definitely Paleozoic and all 

resent are similar to or identical with forms previously referred to the Moenkopi. Very few names 


ave been applied to the gastropods of the Moenkopi and I do not feel that the effort to do so now 
would be worth the time it would take.” 


Even if the faunal evidence were less conclusive, correlation with Lower Triassic 
strata elsewhere in southern Utah is made with confidence. All established members 
of the Moenkopi formation may be traced from their type locality near Virgin City, 
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Utah, eastward to the Paria River. Along this belt their stratigraphic and physical 
features are remarkably persistent, and the boundaries of the formations remain 
constant: Upper Triassic Shinarump conglomerate above and Permian Kaibab 
limestone below. East of the Paria River the Moenkopi maintains its position 
among Triassic formations but is thinner and as reported includes no marine sedi- 
ments. The type section in the Little Colorado Valley is less than 400 feet thick 
and lacks clearly defined beds of gypsum and limestone. 

Moenkopi-Shinarump contact—Where the contact is exposed the Shinarump 
conglomerate is obviously unconformable upon the Moenkopi. In places the contact 
is marked merely by an abrupt change in composition and style of bedding. In 
other places the top of the upper red sandstone beds of the Moenkopi presents 
broad grooves and minor shallow depressions, some of them partly filled with gravel 
before the Shinarump was deposited. Near the mouth of Road Canyon a stream 
channel in the Moenkopi has been filled by Shinarump sands (PL. 5, fig. 1). 

Shinarump conglomerate-—At its appropriate place in the stratigraphic column the 
Shinarump conglomerate is generally exposed in Kane County. It forms the face 
and back slopes of the Shinarump Cliffs and the cap rock of outlying mesas. For 
some miles east of Kaibab Creek it is largely concealed by talus and landslides, and 
farther east along the Vermilion Cliffs it is inconspicuous and in places may be ab- 
sent. Near the mouth of Road Canyon, where it is upcurved in the East Kaibab 
monocline, the conglomerate is a conspicuous white band that separates the red 
Moenkopi beds from the brilliantly variegated Chinle formation. In House Rock 
Valley it is locally cut out by faulting, but in places its eroded remnants stand on the 
valley floor. The Shinarump is essentially a gray, or nearly white, boldly lenticular 
and cross-bedded, coarse-grained sandstone, generally strongly resistant but in places 
so weakly cemented as to weather readily into sand. It consists predominantly of 
rounded and subangular grains of quartz and quartzite less than § inch in diameter 
and pebbles of quartzite, quartz, chert, and black limestone 1+ inch in diameter 
isolated or arranged in broken strings. In the sand are embedded worn fragments 
of petrified wood. The thinness, the relatively fine grains, and the abundance of 
regularly bedded sandstone and arenaceous shale that characterize the conglomerate 
along tributaries of the Paria River suggest that the streams of Shinarump time in 
central Kane County were much less effective in transporting than were those in 
regions farther south and east. In some parts of the plateau country this rock unit 
is made up almost exclusively of pebbles 2 to 4 inches in diameter. 

Chinle formation—Among the Triassic formations in central Kane County the 
widespread Chinle formation is easily recognized. As a sequence of brightly varie- 
gated shales and red and mauve sandstones that rest on the gray Shinarump con- 
giomerate and continue upward to the light-red and tan Wingate sandstone, it forms 
the Vermilion Cliffs—one of the great escarpments of the plateau country. All 
about the abandoned village of Paria the lower part of the Chinle is displayed as 
the “painted desert”, “rainbow buttes’’, and “artists’ walls” [shown on moving pic- 
ture screens in technicolor]. The Chinle exposed in the Paria River drainage basin 
is but a sample of a formation almost coextensive with the plateau province, and so 
persistent are its major features that stratigraphic sections measured at scores of 
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Figure 1. GyprrormM SHALES OF THE Lower RED MEMBER 
Near mouth of Road Creek — gypsiferous shales. 


Ficure 2. SHNABKAIB MEMBER CAPPED BY SHINARUMP CONGLOMERATE 
At Banded Butte. 


VIEWS OF THE MOENKOPI FORMATION 


face 
, and : 
e ab- 
1ibab 
Bee 
Rock 
the 
arie- 
con- 
orms 
All ‘ 
d as 
pic- 
asin 
id so 
of 4 
a 
UN 


BULL. GEOL. SOC. AM., VOL. 59 GREGORY, PL. 5 


Ficure 1. UNconrormiry BETWEEN MoeNnKor! FoRMATION (Trm) AND q 
Suinarump ConGLoMERATE (Trs) West OF PARIA Ir 
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places are substantially duplicates. Most directly applicable to central Kane County 
is the analysis of the Chinle in the Virgin River Valley (Gregory, in press, a), where 
the formation attains its maximum thickness and greatest variety of sediments and 
holds a characteristic fossil flora and fauna. Within the valley and about its borders 
the steep slopes and cliffs present four groups of beds sufficiently unlike in composi- 
tion, color, and topographic form to justify their classification as stratigraphic sub- 
divisions. At the base of the Chinle, merging downward into the Shinarump con- 
glomerate, lie the lower sandstones, and above them in turn the Petrified Forest 
member, the Springdale sandstone member, and the upper sandstones that continue 
upward to the towering cliffs of Navajo sandstone. In central Kane County the 
four members of the Chinle are recognizable. The meagerly exposed lower sand- 
stones show their usual features: coarse- and fine-grained, gray and brown, lenticular 
beds composed of angular and subangular grains of quartz (95+ per cent), feldspar, 
mica, garnet, hard clay pellets, and carbonaceous material firmly cemented by 
gypsum, iron oxides, and dolomite (?). Likewise, the rare outcrops of the Springdale 
sandstone member are characteristic. They project as ledges, 10 to 30 feet thick, and 
consist of thick-bedded lenticular red sandstone, subordinate purple sandstone, fine 
quartz conglomerate, and greenish argillaceous shale—some of it ripple-marked and 
indented with reptilian tracks. However, the lower sandstones of the Chinle are 
very thin and in places not distinguishable from the topmost beds of the Shinarump, 
and the boundaries of the Springdale sandstone member are poorly defined. There- 
fore the Chinle formation in central Kane County consists substantially of the 
Petrified Forest member and the upper sandstones, which in combination make up 
most, in places all, of the Vermilion Cliffs (Section 3b). 

The Petrified Forest member of the Chinle is commonly displayed as a congeries 
of mounds and rounded ridges, scarred by closely spaced gulches, some of which end 
in sink holes (PI. 2, fig. 2; Pl. 5, fig. 2). In dry weather its outcrops are coated with 
incoherent, flourlike material, into which the foot sinks readily. During rains the 
fluffy stuff is rapidly removed, clogging channels with gray-blue mud, so fine-grained 
that after settling in camp buckets a third to half the material remains in suspen- 
sion. Fragments immersed in water swell to twice their size and completely disin- 
tegrate. In distant views the member appears to be a heterogeneous mass of easily 
eroded material, mottled and brilliantly variegated in haphazard fashion—the mate- 
rial called by the pioneer geologist “marl”. Closer examination reveals a pile of 
weakly consolidated coarse and fine quartz sands; gypsiferous, calcareous, and ferru- 
ginous silts; bentonite; muds of various composition arranged in overlapping and 
abutting sheets; tiny scattered pebbles of quartz, quartzite, and magnetite; hard 
black limestone; and concretionary calcareous nodules, rich in manganese. Per- 
sistent components of the Petrified Forest member are silicified fragments of conifers, 
which in places are sufficiently abundant to justify the term “petrified forests”. At 
the head of Fossil Wash logs, chunks, and chips of “stone wood” are thickly strewn. 
They represent trunks, branches, and roots that have been abraded, broken, and 
splintered, probably while in transport; only a petrified tree stump near the mouth 
of Mine Gulch seems to remain where it grew. Careful search revealed no impres- 
sions of cones or leaves; the foliar parts, undoubtedly present, seem to have been 
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completely destroyed by oxidation. In fact, the only fossilized ligniferous fibers and 
macerated leaves reported from the Chinle are those found at Capital Reef in Wayne 
County (Gregory and Anderson, 1939). 

The upper sandstones of the Chinle formation are roughly uniform in bedding and 
consist chiefly of red fine-grained dense resistant sandstone in beds 1 to 5 feet thick 
and sandy shale in groups 6 inches to 10 feet thick (Pl. 2). Within these stratified 
rocks variously oriented lenses, wedges, and disks of sandstone, argillaceous shale, 
and slightly gypsiferous mudstones make up groups 2 to 3 feet thick and 20 to 300 
feet long that suggest local unconformities. The shales and some of the finer-grained, 
seemingly massive sandstone beds are subdivided into very thin imbricated layers, 
ripple-marked and sun-cracked. Measured sections show also lenticular con- 
glomerates of hard bone-bearing limestones, jumbled fragments of sandstone and 
shale, concretionary spheres and pancakes of ironstone, and flattened clay balls. 
In the vicinity of Johnson Lakes several layers of compact or brecciated limestones 
are as much as 2 feet thick and form ledges on weathering. In addition to the domi- 
nant iron-coated quartz grains the member contains feldspar, calcite, and bits of 
tourmaline and pyroxene. The cementing materials are lime and iron. In many 
places the general dark-red tone of the sandstones is interrupted by white bands that 
seem to be systematically arranged. In Lake and Nephi canyons these bands make 
up a considerable part of the exposed rock and add a color pattern to the elaborately 
carved walls. At the head of Seaman Wash and elsewhere along the crest of Ver- 
milion Cliffs the topmost red sandstones are embedded in thick lenses of extremely 
friable pure white sandstone composed of tiny spherical grains in a manner that 
suggests a once-continuous bed. Along the headwater branches of Boxelder Creek 
two or more of these white beds in short sequence at the top of the Chinle may 
represent a transitonal contact with the Wingate sandstone above. 

The Chinle formation in southern Utah and equivalent beds in Colorado and 
Arizona have been industriously searched for metalliferous ores, chiefly gold, silver, 
and mercury. Prospect holes and placer claims in the Virgin River Valley and east- 
ward along the Vermilion Cliffs may be counted by scores, and mines have been 
operated at several places. Only the unique Silver Reef mines near Leeds, Utah, 
have been profitable. As Lawson (1913) points out, the gold in the Chinle at Paria 
averages about 5 cents a cubic yard—a figure probably applicable to most outcrops of 
the formation. However, no successful method has been devised for extracting gold 
from the peculiar fluffy, pulpy, fine-grained sandstones, clays, limestones, and vol- 
canic ash in which it occurs. In Mine Gulch a manganese deposit estimated as con- 
taining 70,000 tons of ore has been intermittently mined, but without financial suc- 
cess. 

The Chinle formation in Paria River Valley is 860 to 1115 feet thick and at Flag- 
point 1110 feet thick. The sections in Virgin River Valley, 60 miles to the west, 
measure 950 to 1380 feet and at Cedar City 1000-2000 feet. The type section at 
Chinle on the Navajo Reservation is 1182 feet thick, and within the drainage basins 
of the Escalante and Fremont rivers measurements of 200 to 600 feet are common. 

In the geologic reports of the Wheeler and Powell surveys the “Upper Shinarump 
group” or “the Vermilion Cliffs series’—substantially the Chinle formation—is 
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described as the lower part of a thick series of marine Triassic sediments. Hunting- 
ton and Goldthwait (1904) treated the “‘Painted desert formation” in southern Utah 
(Petrified Forest and Springdale sandstone members of the Chinle) as marine deposits 
of early Triassic age, and Branson (1927) thought of the widespread Chinle formation 
as part marine and part subaerial. However, the lithologic, stratigraphic, and 
paleontologic evidence demonstrates that the entire Chinle is terrestrial. The rocks 
reveal the presence of strong streams and weak streams, perennial and ephemeral 
streams, shallow bodies of fresh water, and surfaces exposed intermittently to the 
sun. In them are embedded tracks of land animals, saurian bones, terrestrial mol- 
lusks, fresh-water fishes, forest trees, and plants of lower orders. The Triassic age 
of the Chinle seems established, but some doubt remains regarding the appropriate 
position of the formation within that system; the fossils are not conclusively diag- 
nostic. Nevertheless the recorded evidence favors an assignment to the Upper 
Triassic. 


JURASSIC FORMATIONS 


Subdivisions and regional relations—In central Kane County the formations 
tentatively classed as Jurassic are the Wingate sandstone, Kayenta formation, and 
Navajo sandstone which together make up the Glen Canyon group. Those assigned 
without question to the Upper Jurassic are the Carmel formation, Entrada sandstone, 
and the Winsor formation. In stratigraphic sections rocks of Upper Jurassic age are 
easily segregated; they extend up to the Cretaceous Dakota sandstone and down to 
an erosional unconformity between the marine Carmel formation and the terrestrial 
Navajo sandstone—the topmost formation of the Glen Canyon group. The division 
between the basal formation of the Glen Canyon group (Wingate sandstone) and 
the topmost Triassic (Chinle formation) is much less plainly marked. Though in 
several parts of the plateau country the Triassic and Jurassic beds are unconformable, 
commonly their contact is gradational and has been so treated in most reconnais- 
sance surveys. Thus the geologists of the Wheeler and Powell surveys recognized 
two groups of sandstones with a combined thickness of 1400 to 1700 feet, deposited 
without interruption and differing mainly in color and topographic expression, as 
occupying the interval between the ‘‘marine Jurassic’ (Carmel) beds and “variegated 
marls” (the Petrified Forest member of the Chinle). The generalized sections of 
‘“‘Triassic”’ measured by Gilbert (1875) and by Howell (1875) in Paria River Valley 
obviously include the Navajo, the Kayenta, the Wingate, and the upper part of the 
Chinle, as those formations are now defined. Likewise Gregory and Moore (1931) 
classed parts of the Chinle formation as “Glen Canyon Group, undifferentiated”. 
The difficulties in defining a division plane between Jurassic (?) and Triassic forma- 
tions relate chiefly to the absence of specifically diagnostic fossils and the rarity of 
features that demonstrate pauses in deposition and coincident widespread erosion. 
These annoying conditions influence also the attempts to delimit the formations 
within the Glen Canyon group. In many places only changes in color and style of 
bedding mark the planes of separation between the Wingate and the Kayenta, and 
the Kayenta and the Navajo. 

In southern Utah the maximum thickness of the rocks assigned to the Jurassic 
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is 3044 feet in San Juan River Valley; 4764 along Glen Canyon (includes about 1000 
feet of strata not represented farther west) ; 3480 in Virgin Valley; and 2050 along the 
Hurricane Cliffs where its lower part is missing. As shown in measured sections, 
the Glen Canyon group thickens westward—from 1100 feet in the San Juan country 
and 1650 feet in the Kaiparowits region to more than 2000 feet in the Zion Park 
region. Regionally its major units exhibit systematic changes in thickness. Thus 
in southeastern Utah Wingate sandstone forms sheer massive walls 300 to 450 feet 
high, but west of Paria River it averages less than 150 feet thick and disappears 
in Virgin River Valley. Likewise, the Kayenta thins progressively westward and 
disappears in Zion Canyon. In contrast, the Navajo sandstone, as if to maintain the 
norma! total thickness of the Jurassic, thickens westward and beyond Zion Canyonrep- 
resents the entire Glen Canyon group. Measured sections show 400 to 880 feet of 
Navajo in the San Juan Country; 900 to 1400 feet in the Kaiparowits region; and 
1800 to 2000+ feet in the Parunuweap and Virgin Valleys. 

Glen Canyon group.—Because their relation and age have not been determined 
satisfactorily it has been found convenient to treat the rocks that lie between the 
Chinle formation (Upper Triassic) and the Carmel formation (Upper Jurassic) 
as the Glen Canyon group. This stratigraphic unit which includes the most con- 
spicuous rock masses in the plateau country is believed to be Jurassic but its place 
in that system is doubtful and possibly its basal strata are Triassic. Its generally 
recognized subdivisions are Wingate sandstone, Kayenta formation and Navajo 
sandstone. 

WINGATE SANDSTONE: The Wingate sandstone—the basal formation of the Glen 
Canyon group—is exposed in the canyon walls of Johnson Creek, Flood Creek, 
Kaibab Creek, Park Wash, and branches of Kitchen Creek. Along the crest of the 
Vermilion Cliffs it forms part of elongated mesas and here and there is the cap rock 
of broad ridges. Generally on the Wygaret Terrace the Wingate has been eroded 
from intercanyon surfaces, and in the walls of Paria Canyon, where its regional dip 
should bring it into view, no undoubted Wingate sandstone is recognizable. The 
sandstone varies from 10 to 30 feet thick in branches of Starlight Canyon, 80 to 90 
feet in Deer Springs and Park washes, and 200+ feet in JohnsonCanyon. The out- 
crops of the Wingate are thin but conspicuous; they are relatively resistant unfoliated 
masses of nearly white rock between red thin-bedded sandstones and shales. Asa 
whole the Wingate is buff or white, massive, conspicuously cross-bedded, and divided 
into segments by prominent vertical joints. Here and there the general massiveness 
of the rock is interrupted by lenses of calcareous shales, thin compact limestone, and 
fine-grained conglomerate composed of fragmentary limestone and shale, clay pellets, 
and iron concretions (Pl. 6, fig. 2). The bulk of the rock consists of clean-washed 
translucent quartz grains (95+- per cent), tourmaline, feldspar, and aggregates of 
clay that vary in diameter from an average of about 0.12 mm. up to 0.70 mm. and 
down to microscopic grains—“blow dust”. Most of the small grains are spherical 
or oval, and many of them are frosted or wind-etched like those in migrating sand 
dunes. The elaborate cross-bedding, the shape and size of grain, and certain minor 
features show that the Wingate is in large part an eolian deposit—the work of wind 
supplemented at times by streams. The erratic distribution and extreme variability 
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FicureE 2. WINGATE SANDSTONE UNDERLAIN AND INTERBEDDED WITH CALCAREOUS SHALES AND LIMESTONE 
: Johnson Lakes. 
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in thickness of the sandstone in central Kane County seem to mark the border of 
deposits, similar in character, that thicken northward and eastward. 

KAYENTA FoRMATION: On cliff faces and canyon walls where all members of the 
Glen Canyon group are represented, the Kayenta formation* is conspicuous as a 
belt of dark-red, foliated strata that separates buff or white unstratified masses— 
the Wingate and the Navajo. In the plateau province as a whole measured thick- 
nesses of the Kayenta range up to 220 feet. In central Kane County the thickness 
recorded in six measured sections is 30 to 50 feet; in four sections, 10 to 60 feet; in 
three sections, 2 to 3 feet; and in places the formation is represented merely by a 
jumbled mass of sandstone and shale fragments. Though everywhere thin and highly 
variable in bedding, the Kayenta is relatively resistant to erosion; it covers large 
areas on the Wygaret Terrace from which the Navajo sandstone has been stripped 
away, and in the walls of many canyons and gullies it is the hard rim rock that pro- 
tects the more friable Wingate sandstone. 

The strata that make up the Kayenta are chiefly maroon sandstones and color- 
banded siltstone. Irregularly interbedded with these rocks are dense, blue-gray, 
white and pink sun-cracked limestones in layers a few inches thick, also thin beds 
of conglomerate composed of angular fragments of sandstone, shale, and limestone, 
clay balls, and concretions embedded in sand. The dominant sandstone consists 
almost wholly of fine, medium, and coarse rounded quartz grains, fairly well sorted, 
and includes bits of mica, white clay (decomposed feldspar ?), magnetite, limonite, 
and calcite. The chief cement is calcareous and ferruginous clay which around 
and between grains is so tightly compressed as to make the rock almost impervious; 
its contact with the Navajo sandstone is a zone of seeps. Regardless of their com- 
position the beds are conspicuously lenticular; they overlap, thin to extinction, or 
end rather abruptly within short distances, and commonly groups of them are sepa- 
rated from one another, both vertically and laterally, by disconformities. Some 
lenses of coarse-grained rock occupy channels worn in rock of finer grain. The 
physical features of the Kayenta formation are characteristic of sediments deposited 
by streams in regions of low relief, streams subject to large seasonal fluctuation. 

Navajo SANDSTONE: In central Kane County the Navajo sandstone is displayed 
as the magnificent White Cliffs and its huge outlying mesas and towers. From 
Johnson Canyon to the westernmost northern branch (“North Swag’’) of Kitchen 
Canyon, it forms a continuous escarpment except where crossed by the canyons of 
Deer Springs Creek and Park Wash. East of No Mans Mesa, where a low broad 
fold has uparched the Mesozoic beds, the Navajo has been stripped back southward 
from the rims of Sheep and Paria canyons to the crest of the Vermilion Cliffs, leaving 
only Tabetimp and the boxlike mesas along the headwater branches of Boxelder 
Creek. South of the Vermilion Cliffs at the Coxcomb the uptilted beds of Navajo 


3 When first described the sequence of red calcareous shales that separates the Wingate sandstone from the Navajo 
sandstone was termed the Todilto formation (Gregory, 1917). In the belief that the Todilto is some undefined part of the 
Morrison formation, the term Kayenta was substituted (Baker, Dane, and Reeside, 1936). A restudy of the field evidence 
suggests that the Todilto occupies the stratigraphic position originally assigned (Goldman and Spencer, 1941) and ‘‘is 
well below the base of the Morrison.”” Bakerand his coauthors further postulated the absence of theKayenta (= Todilto), 
also the Wingate in the Paria Valley and westward across southern Utah. Seemingly in their view the rocks here assigned 
to these stratigraphic subdivisions are properly classed as parts of the Chinle formation. 
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sandstone are the core rocks of the East Kaibab monocline, and near the Utah- 
Arizona boundary the sandstone in horizontal position forms the broad surfaces into 
which lower Kaibab Creek and the Paria River have sunk their canyons. Because 
in most places the sandstone exceeds 1000 feet in thickness and is essentially one 
fairly friable bed of uniform compositon and texture, its erosion forms are distinctive. 
Where overlain by the resistant limestone of the Carmel formation outcrops of the 
Navajo are characterized by nearly vertical cliffs and narrow, deep, box-headed can- 
yons. Where this protective cover has been removed the sandstone weathers into 
smoothly modeled mounds, broad-based conical towers, and “nipples”, separated 
by broad, very shallow, poorly defined streamways. In detail, erosion has produced 
the arches, window panels, cliff caves, waterpockets, and other picturesque features 
which have made exposures of the Navajo attractive as scenery and of special in- 
terest to students of erosion forms (PI. 7, fig. 1). 

The Navajo sandstone is fine-grained, remarkably even-textured, and consists 
essentialiy of white, crystal-clear quartz grains (95+ per cent) loosely held together 
by lime intermingled with iron oxides. Cloudy feldspar, magnetite, mica, tourma- 
line, and garnet are sparsely distributed, and small lenses of mineralized material 
contain azurite and malachite. Most of the minerals, especially the quartz grains, 
are spherical; many are frosted, and faceted or etched. About 70 per cent of the 
grains measure 0.10 to 0.25 mm. in diameter, and 25 per cent are very small, some of 
them microscopic. Included in the sandstone are lenses of dolomitic limestone that 
weather into shelves, and locally the resistant cement of iron and manganese (?) 
oxides slows up the normal rate of disintegration. Thus the isolated tower Tabe- 
timp owes its preservation to the unusual abundance of iron-rich concretionary ma- 
terial, in zones 1 to 5 feet thick; ironstone in the form of lenses, disks, balls, stove lids, 
pancakes, and dumb-bells are embedded in the sandstone and make up much of the 
talus. The Navajo sandstone is cross-bedded on an amazing scale, more completely 
and intricately than any other formation in Utah. Horizontal surfaces, slopes, and 
vertical cliffs are crossed and recrossed by curves tangent to other curves and by 
series of variously oriented straight lines that truncate series differently orientated. 

The Navajo sandstone like the Wingate sandstone is believed to be essentially the 
record of wind work. A marine origin is inconsistent with the faunal evidence; the 
fossils represent animals that lived on land or in shallow fresh-water lakes. Also, 
running water seems to have taken little part in accumulating the sands in the Navajo; 
the stratification and the assortment of material incident to stream deposition are 
almost absent. The shape, size, and arrangement of the grains and the intricate 
cross-bedding characteristic of the Navajo also characterize migrating sand dunes in 
adjacent regions. 

Upper Jurassic formations—In the Paria River Valley the stratigraphic interval 
between the typically developed Navajo sandstone (Middle Jurassic (?)) and the 
Dakota sandstone (Cretaceous) is occupied by roughly definable groups of brightly 
colored, dominantly arenaceous strata whose regional relations and mass character- 
istics justify their recognition as Upper Jurassic. Between Shurtz Gorge and the 
Catstairs these rocks are steeply upturned in a narrow belt on the flank of the East 
Kaibab monocline and are in process of dissection; the short swift streams that head 
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in the Coxcomb are rapidly developing a terrane of intricately interlaced gullies and 
ridges. Generally south of Sand Creek, where the effect of the monoclinal upwarp 
is barely noticeable, the Jurassic is expressed in the topography as gentle slopes and 
as broad, essentially level highlands cut into wide strips by canyons (PI. 9, fig. 1). 
Here stream erosion is conspicuously slow; slopes of moderate inclination are thickly 
strewn with gravel, and the flatter lands are coated with disintegrated rock and wind- 
borne sand. On West Clark Bench the present ephemeral streams in poorly marked 
courses seem unable to remove the products of local weathering. However, erosion 
in this part of Kane County has been long-continued and effective; all the Tertiary 
and most of the Cretaceous have been worn away, and the Upper Jurassic beds retain 
their full thickness only where protected by a caprock of resistant Dakota sandstone. 

The Upper Jurassic rocks represented in central Kane County are traceable through 
disconnected outcrops northward along the East Kaibab monocline, and the topmost 
beds eastward beyond the Paria River—in the latitude of White House Spring. 
Farther north and west in the upper Paria and middle Parunuweap valleys rocks in 
corresponding positions are displayed as an uninterrupted sequence of limestone, 
sandstone, shales, and gypsum—the components of the Carmel formation, the En- 
trada sandstone, the Curtis formation, and the Winsor formation (Gregory, in press, 
b). Of these four stratigraphic units that appear to constitute the upper Jurassic of 
southwestern Utah, the Carmel, the Entrada, and the Winsor are believed to be 
represented in central Kane County, but the boundaries are vaguely definable, and 
their physical features are but broadly characteristic. 

As a whole the Upper Jurassic of central Kane County comprises three divisions 
based chiefly on topographic expression and dominant color. The lowermost division 
consists essentially of thin, unevenly bedded, friable sandstone and compact mudstone 
and includes flat lenses and oblong masses of small angular pebbles. Toward its base 
line cement is increasingly common, and thin limestones interlayered with deep-red 
thin sandstone are plastered over the uneven surface of the Navajo sandstone. The 
stratigraphic position and certain other features of this group suggest the Carmel 
formation of the Kaiparowits Plateau. The middle division is characterized by a 
sequence of relatively thin-bedded, dominantly red and maroon, slightly gypsiferous 
sandstones and shales, which in places are interbedded with white, gray, or yellow 
thick-bedded or massive sandstone. Similar rocks in the upper Paria Valley have 
been mapped as Entrada sandstone. The uppermost division consists of medium- 
grained very friable sandstone in thick massive white beds that are separated by beds 
of dark-red and green-white sandstone 3 inches to a foot thick, and thus produce the 
appearance of a white cliff unevenly banded with red (PI. 7, fig. 2). Of the formations 
in southern Utah this division most closely resembles the Winsor. Though these 
three stratigraphic divisions are generally distinctive in color tone and manner of 
erosion—especially in distant views—their thickness is highly variable, their composi- 
tion and texture irregular, and their parting planes obscure. The measured sections 
are but roughly comparable, and their correlation is subject to much doubt (Sections 
5,6). The Carmel may contain considerable limestone or none; it is uniformly gray 
or crisscrossed by white bands. The Entrada along Sand Wash is represented by 
about 70 feet of shalelike arenaceous beds which separate white sandstone 100+ feet 
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thick and traceable for a mile from an equally thick, massive yellow sandstone which 
changes along strike into coarse arenaceous shale. In the Winsor the width and 
spacing of the characteristic color bands follow no established system. 

Absence of persistent stratigraphic features and of fossils makes the correlation of 
the Upper Jurassic formations in central Kane County far from satisfactory. In 
conformity with their type sections, the Carmel and Entrada lie successively above 
the Navajo sandstone and despite their dominantly local expression show an overall 
physical make-up more like their supposed equivalents than any other formations in 
southern Utah. The regional relations of the Winsor are especially difficult to define. 
In the time scale this formation occupies the position of the Morrison formation, but 
in other major respects it is radically different. The typical Winsor consists essen- 
tially of evenly stratified, friable sandstones remarkably uniform in texture and in- 
cludes no representatives of the variegated shales, the coarse lenticular sandstones, 
or the volcanic debris that characterize the Morrison. Mapping shows that the 
Morrison, fully exposed in southeastern Utah, disappears before reaching the Paria 
River, and along this course the Summerville formation is generally absent, and the 
Carmel and in places the Entrada little resemble their typical exposures. Regional 
studies suggest that the peculiar composition and arrangement of the Upper Jurassic 
formations in central Kane County record a change in sedimentation—in part at 
least—from terrestrial to marine. Westward across southern Utah, formations in 
comparable position contain an increasingly rich marine fauna (Carmel and Curtis 
formations); eastward they are fluviatile and lacustrine in origin and include eolian 
rocks. 

CRETACEOUS FORMATIONS 


In central Kane County rocks of Cretaceous age are meagerly represented. The 
Upper Cretaceous Dakota sandstone and the Tropic formation occupy a narrow belt 
along the Paria River between Shurtz Gorge and Sand Creek. These scattered out- 
crops mark the western limit of the extensive, thick Cretaceous in the adjacent Kai- 
parowits Plateau. 

As exposed north of Adairville the Dakota sandstone, 40 to 60 feet thick, consists 
chiefly of lenticularly bedded coarse-grained quartz rock within which lenses and 
strings of conglomerate are irregularly distributed. It contains also clay shales and 
an unusual amount of coal, some of it of commercial value. The Tropic formation, 
of which only the basal beds remain intact, presents its characteristic features: brown 
and yellowish sandy clay shales, three or more beds of coal, and an abundance of 
such Upper Cretaceous fossils as Ostrea prudentia and Gryphaea newberryt. 


STRATIGRAPHIC SECTIONS 


SecTION 1.—Kaibab Gulch 


Measured by Levi F. Noble (1928) (U. S. Geol. Survey Prof. Paper 150, 1928) s 
eet 


{[Timpoweap member of the Moenkopi formation] 

Very irregular beds of coarse breccia-conglomerate, interstratified with buff shale 
and calcareous sandstone and capped by massive beds of buff limestone; the lime- 
stone forms a strong cliff; the shale and sandstone form a slope broken by irregular 
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[Kaibab limestone] 

Massive gray crystalline limestone, cherty and fossiliferous, containing a bed of sand- 
stone in the middle and passing at top into alternating beds of chert and buff earthy 
limestone; the beds of gray crystalline limestone form strong cliffs; the alternating 
beds of chert and buff limestone above the gray limestone forma steep, ledgy slope... 

Buff and reddish fine-grained sandstone, poorly consolidated and irregularly bedded, 
interstratified with beds of sandy breccia and travertine; formsslope...............- 

Massive buff siliceous limestone, cherty and somewhat fossiliferous, containing ro 
calcareous sandstone near the middle and a well-defined bed of hard fine-grained 
buff cross-bedded sandstone near the base; all beds except the calcareous sandstone 
in the middle of the member form strong 

Alternating beds of arenaceous limestone and irregularly bedded fine-grained buff 
sandstone; one thin bed of limestone, in the middle of the member, is very fossili- 
ferous; the member forms a steep, ledgy slope, broken by small cliffs.............. 


Total Kaibab limestone 
Hermit shale. 
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326 


119 


A restudy of the rocks in Kaibab Gulch shows that the topmost 77 feet of Section 
1 is unconformable upon the strata below and that the breccia and the cliff-making 


limestones contain Triassic fossils characteristic of the basal Moenkopi. 


Section 2.—Cliff near Banded Butte 


Shinarump conglomerate 

5. Sandstone, gray; coarse-grained, lenticular beds in part cross-bedded; includes 
strings and aggregates of quartz and quartzite pebbles less than an inch in diameter 
and some fossil wood. Forms cap of Meaas.............0...ccccseccccnoens 

Unconformity 
Moenkopi formation 
Upper red member 

4. Sandstone and mudstone, red and brown; medium- to fine-grained; thick and thin 
beds subdivided into imbricated layers, some ripple-marked and sun-cracked; 
— lateral unconformities; includes rare pellets of clay and concretionary lime 

3. Pier wan ea red, gray, and tan; thin fine-grained layers, slightly gypsiferous; 

Shnabkaib member 

2. Shales, unevenly banded, pale red and white; arenaceous, argillaceous, and gypsi- 
ferous; some beds ripple- marked; grades into nos. 1 and 3.. 

1. Shale and gypsum, alternately banded cream white, pink white, and pale red, ‘rarely 
drab; very thin beds, ripple-marked and sun-cracked; gypsum in thin, flat, and 
crinkled layers a fraction of an inch thick, more abundant near the top. Forms 
intricately dissected bad-land slope. Part exposed...............-..---200005 


Total measured 
SECTION 3.—Vermilion Cliffs along road Canyon 


Chinle formation 
Upper sandstones 
7. Sandstone and arenaceous shale, light red, buff, and green white, irregular beds 3 
inches to 6 feet thick; generally fine-grained and calcareous, includes lenses of 
bone-bearing limestone, conglomerate, mud balls, and strings and aggregates of 
small quartz and quartzite pebbles; weathers as cliffs. Thickness, in part 
Petrified Forest member 
6. Shales and “marls’’, variegated, overlapping lenses, imbricated sandstone, gypsum, 
limestone, and mud-ball conglomerate, bentonite, strings, and aggregates of 
clean-washed quartz pebbles; some petrified wood "and worn bones. Like No. 
5. Sandstone, buff and white: cross-bedded groups of lenses very irregularly inter- 
bedded with soft mud shales; includes discontinuous layers of hard, fine-grained 
green sandstone and accumulations of siliceous pebbles; thins and thickens 
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4. Shales, brightly banded, in places blotched with white, yellow, lilac, green, and 
gray; arenaceous and gypsiferous; includes lenses of yellow conglomerate in which 
worn fragmentary bones are conspicuous; fossil wood in small amounts, much of 


it incompletely lithified. Forms steep cliff with benches..................... 20-30 
3. Sandstone, brown and gray; quartz grains of medium size cemented by gypsum, ( 
lime, and silica; contains layers of argillaceous shales and concretionary lime- 
stone; the base in contact with the Shinarump includes lumpy aggregates and 
thin long lenses of clay shale. Forms irregular bench........................ 40-60 
Shinarump conglomerate 1 


2. Sandstone, light gray; coarse spherical and subangular grains of glistening quartz; 
weakly cemented by calcite; includes lenses, strings, and isolated individuals of 
varicolored subangular quartzite, quartz, and rare limestone pebbles as much 
as half an inch in diameter; fossil wood, some of it lignitic, weathers as cliff and 
Unconformity; marked by erosion. 
Moenkopi formation 
1. Shales, chocolate-colored, a few white horizontal bands, evenly bedded; sandy; 
gypsiferous; fine grains of quartz; many beds of small imbricated disks, many 
ripple-marked; outcrop crisscrossed with seams and crack fillings of secondary 
gypsum; resembles the Moenkopiat its type section in the Little Colorado Valley ; 
forms vertical fluted walls; near the mouth of Road Creek disappears beneath 
the other formations in the Kaibab 0-220 


Unit No. 7 summarizes the features of the upper sandstones as revealed in four 
sections spaced about a mile apart. In field notes 8 to 12 subdivisions are recorded 
for each section, but no persistent planes of separation were found. Seemingly com- 
parable outcrops of sandstone and shale occupy different stratigraphic positions, and 
the limestone and conglomerates are capriciously distributed. 


Section 4.—Park Wash near the mouth of Five Pines Gulch 
Dip 3° + NE. 
Feet 
Carmel formation; Upper Jurassic 
Unconformity 
Navajo sandstone 
4. Sandstone, light red or buff, in places white; massive; fine spherical quartz grains 
of uniform size, and rare subangular grains of magnetite, augite, and garnet; 
weakly cemented with lime and iron oxides; some grains etched. Contains iron 
concretions that cap short columns; lower part weathered into rounded knobs 
that form foothills of the main mass of No Mans Mesa...................... 1600 
Kayenta formation 
3. Sandstone and shales, dark red; thinly, unevenly bedded; in places knobby; coarse 
and fine-grained; includes lenses of conglomerate composed of concretionary 
limestone and clay pellets; strongly contrasted with nos. 2 and 4 in color and 


Wingate sandstone 
2. Sandstone, light red; fine round grains of quartz; in places even-bedded, elsewhere 
massive and cross-bedded on small 10-200 


Unconformity: top of No. 1 eroded 
Chinle formation 


1. Sandstone, red and mauve; rough beds 1 to 6 feet thick; includes some layers of 
clay shale and thin lenses of limestone in which bones are embedded; part 


7 
a 
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SEDIMENTARY ROCKS 


SEcTION 6.—Lower Shurts Gorge about 4 miles below the town site of Paria 
Rocks dip 30° 40° S.E. 
Measured by Bronson Stringham 


Cretaceous 
Dakota sandstone 


Conglomerate lenses in sandstone. Buff color. A few thin coal seams near basal 


Unconformity 


Upper Jurassic 
9. Sandstone, cream to buff; grains uniform, small, and very loosely cemented; crossed 
by red bands 1 inch to 3 feet thick, and appear or disappear along the strike. 
8. Sandstone, cream to buff; cross-bedding prominent with a maximum height of 6 
feet; grains uniform and small. Crossed by inconspicuous pale-brown and 
a. Sandstone, white, of medium fineness; very loosely consolidated; bedding 
obscure; clay impurities seem abundant; weathering produces a hard muddy 
b. Sandstone, reddish brown, very fine-grained; loosely consolidated; a ~_ 


6. Sandstone, white; massive; cross-bedded; medium-grained; contains many small 
limonite concretions. Weathers in cliffs and 
5. Shale, red; sandy; weathers as small splinters; rather continuous along the 
4. Sandstone, white; loosely consolidated; cross-bedded; marked by pale-greenish 
3. Sandstone; predominantly red; interbedded with white to pale-green sandstone and 


fine-grained, red, splintery shale; white beds and lenses 3} inch to 5 feet thick; 
occasionally red alternate with white beds to form a variegated surface.......... 

2. Sandstone, white; medium-grained; interbedded with red sandy shale; pre- 
dominately white beds 6 inches to 15 feet thick, red beds 2 inches to 3 feet thick. 
Bedding everywhere well developed. Some beds near the base cemented well 

. Sandstone, deepest red near the base, massive; medium-grained; includes thin beds 
of splintery shale; white bands are common near the top; near the base sand grains 
quite coarse and fairly well consolidated, and in places form low cliffs............ 


Unconformity 
Navajo sandstone 


239 


Feet 


125 


35 
126 


325 


In interpreting this section Professor Stringham tentatively classed nos. 7, 8, and 
9 as Winsor; nos. 2 and 3 as Entrada; and no. 1 as possibly a shore phase of the 


Carmel. 


SECTION 6.—West bank of Paria River near White House Spring 


Pliocene (?) 

11. Conglomerate, dark gray; chiefly thick and thin slabs of exotic sandstone, 2 to 10 
inches in long diameter; includes pebbles of variegated quartzite, limestone, 
and igneous rocks. Forms the resistant cap of a group of mesas. May repre- 
sent the Parunuweap formation ees 

Unconformity; probably represents massive white sandstone as much as 400 feet 


thick. 


Feet 
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Jurassic 
Winsor formation 
10. Sandstone, alternately red and white; northward along strike white beds pre- 
dominant; evenly bedded or lenticular on a small scale; chiefly fine, well- 
rounded grains of quartz; near the top conspicuous gray lozenge-shaped con- 
cretionary (?) masses, which on weathering leave tiny cliff caves. Forms 
slopes interrupted by low cliffs continuous for miles. Thickness esti- 


ndstone, white streaked with red; very poorly exposed..................... 36 
8. Sandstone, white, thin-bedded; largely covered by gravel.................... 43 
7. Conglomerate, composed chiefly of rounded quartzitic pebbles } to 2? inch in 
diameter. Smallisolated outcrops; may be cemented surficial gravel......... 7 
6. Sandstone concealed by coarse gravel..............ccccccccccucescescuseecs 80 
5. Sandstone, white with few streaks of red..............0cccccceccccceecceees 12 


Entrada(?) sandstone 


4. Sandstone, dark red; composed of quartz (95 per cent), feldspar, mica, and 
magnetite, cemented by lime carbonate and iron oxides; arranged as thin 
lenses, lumps, and tiny concretionary aggregates; includes bands of shale and 
of yellow coarse-grained sandstone 4 to 6 inches thick...................-. 42 

3. Sandstone, white, in places yellow; generally massive, and cross-bedded; friable, 
weathers as powder; glistening, spherical grains of medium-fine quartz; cross- 
bedded; parts of it streaked with red sandstone of same composition. Forms 
a steep slope, i in places a cliff, and weathers as low conical towers.............. 36 


Carmel formation 


2. Limestone, pink on fresh surfaces, very thin-bedded; sandy; breaks into hard 

1. Sandstone, gray; very unevenly bedded; small, round, and subangular grains 
uniform in size, quartz cemented with lime, some calcite grains and rare 


Unconformity 


Navajo sandstone; forms walls of Paria Canyon 


STRUCTURE 


DISTRIBUTION OF FAULTS AND FOLDS 


The outstanding structural features of central Kane County are the prevailing 
northeasterly dip of the strata, the Paunsaugunt fault, the Kaibab upwarp, and the 
East Kaibab monocline. Less conspicuous than the major displacements and much 
less effective in modeling the topography are the Swallow Park fault, which passes 
No Mans Mesa and dies out in the hills north of Kitchen Creek, the broad low folds 
on the Wygaret Terrace, and the faults with displacements of 5 to 50 feet that inter- 
rupt the continuity of the Jurassic sandstones north of Tabetimp, the Chinle forma- 
tion along the face of the Vermilion Cliffs, and both the Chinle and the Moenkopi 
formations in House Rock Valley. Wherever observed these minor faults are vertical 
or inclined steeply westward and have their upthrow on the east. They appear to be 
simple fractures, in a few places accompanied for short distances by parallel fractures. 
Some of them are restricted to a single formation. 
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PAUNSAUGUNT FAULT 


The “small fault” noted by Howell (1875) “about 20 miles to the west of Paria”’ is 
part of the Paunsaugunt fault which extends for 120 miles across central and southern 
Utah, and in Arizona seems to die out but may be represented by the West Kaibab 
fault, traceable to the Grand Canyon of the Colorado River. Like the Hurricane 
and the Sevier faults, the Paunsaugunt fault is a major zone of displacement in the 
plateau country; it has broken all the exposed Paleozoic, Mesozoic, and Cenozoic 
formations and has taken the leading part in the development of the present 
landscape. 

The topographic inequalities produced by movements along the Paunsaugunt fault 
are most conspicuous at the head of the Paria River and northward where the up- 
thrown block—the Aquarius Plateau—stands as much as 2000 feet above the down- 
thrown block. In central Kane County the average displacement decreases rapidly 
southward. In the White Cliffs it is 1150 feet; in the Vermilion Cliffs 270 feet; and 
southward across the flat Kimball Valley, where its trace is concealed, probably not 
more than 150 feet. Generally on the Wygaret Terrace the topographic inequalities 
produced by the fault have been largely erased. In the valleys of Wildcat and 
Nephi canyons—short western tributaries to Deer Springs Canyon—the zone of fault- 
ing is represented by a belt of fractured Navajo sandstone and a discordance in the 
surface topography. At Hamblin Springs the upthrown block stands as a low cliff, 
and the strata in the downthrown block are tilted at various angles and in places 
crushed. In the Vermilion Cliffs erosion has lowered the upstream block to a level 
below the downthrown block. 

Faulting at the canyoned head of Seaman Wash has conspicuously interrupted the 
continuity of the Triassic formations; east of a narrow belt of fracture the Shinarump 
conglomerate, the Chinle formation, and the upper part of the Moenkopi formation 
stand as much as 265 feet higher than the corresponding stratigraphic units on the 
west. In places the Shinarump conglomerate abuts against the Shnabkaib member 
of the Moenkopi formation, and the upper red sandstones and the Petrified Forest 
member of the Chinle formation are in horizontal contact. Generally along the wash 
the fault movements seem restricted to a plane or a very narrow belt, and the immedi- 
ately adjacent strata retain their normal regional dips, but in the Vermilion Cliffs, 
where the zone of disturbed rocks is about half a mile wide, the strata on the down- 
throw side of the main fracture dip 12° to 20° W., and most of those on the upthrow 
side tilt slightly eastward. Included in the zone of fracture are variously oriented 
blocks as much as 100 feet wide and 200 feet long. Fracture joints in the Paunsau- 
gunt fault zone favor the emergence of ground water at Wildcat, Nephi, Hamblin, 
and Seaman Springs—outlets for ground water little affected by climatic fluctuations. 


KAIBAB UPWARP 


The Kaibab upwarp—substantially the Kaibab Plateau—is the largest and the 
most lofty of the highland masses between the Grand Canyon and the High Plateaus 
of Utah. The upwarp is an expanse of uparched sedimentary rock, about 75 miles 
long and 20 miles wide, which rises abruptly 1500 to 2000 7 above the adjoining 
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lowlands. From the maximum altitude of 9200 feet (in Arizona) the surface of the 
plateau slopes gently northward and as a clearly definable topographic feature ter- 
minates at Road Creek—approximate altitude 4700 feet. Beyond this streamway 
the upwarp is represented by a broad, very low anticline that involves the Upper 
Triassic and Jurassic strata as far north as the White Cliffs, where it seems to die out 
or to be replaced by an inconspicuous fold that trends nearly east-west. 

In central Kane County, particularly near the Utah-Arizona boundary, the form 
of the plateau is in close accord with the attitude of the rock. The nearly horizontal 
Permian and basal Triassic strata that cover the plateau at an average altitude of 
6000 feet dip westward and eastward to positions 1000 to 1500 feet lower. Within a 
mile, in places half a mile, dips may change from less than 2° to as much as 20°. 
Along the west rim of the plateau dips of 10° to 30° were measured between the State 
line and Kaibab Creek, and dips of 4° to 8° were tested farther northeast. From the 
base of the plateau westward the dips progressively decrease and in the foothills of 
the Vermilion Cliffs merge with those characteristic of the undisturbed sedimentary 
rocks in southern Utah. The eastern flank of the Kaibab upwarp also is marked by 
abrupt conspicuous changes in dip. The resistant Kaibab limestone and the Timpo- 
weap member of the Moenkopi are downbent at angles of 12° to 20°, and erosion of 
the soft overlying beds has left them standing as the prominent ‘Buckskin Cliffs’’, 
which form the west wall of House Rock Valley from the mouth of Sand Gulch far 
southward into Arizona. Unlike the progressive flattening that characterizes the 
west flank of the Kaibab, the dips of the strata along the east flank increase across 
House Rock Valley and attain a maximum of about 60° in the East Kaibab monocline. 

Dutton (1880) thought of the Kaibab plateau as an uplifted rock mass bordered by 
an eastern and a western Kaibab fault that unite in the vicinity of Paria. Walcott 
(1890) also classed the Kaibab Plateau as essentially a fault block and expressed the 
view that the earth movements that produced the upwarp began in early Paleozoic 
time, ceased “‘in the later part of Paleozoic time’’, and then resumed their activities. 
In contrast with the views of the pioneer geologists recent surveys show that the 
Kaibab upwarp as exposed in central Kane County owes little if any of its height and 
attitude to faulting. The disconnected fractures along its eastern base, some of them 
with downthrows on the west, seem genetically related to the East Kaibab monocline. 
They have been effective chiefly in cutting out parts of the soft Triassic rocks. Along 
the western front of the upwarp most of the rare fractures record slips along joint 
planes where the dips of the strata are unusually steep. 

In Utah the Kaibab upwarp has disturbed all the Permian and Triassic formations 
and the Jurassic (?) Glen Canyon group and probably the Upper Jurassic and Cre- 
taceous beds that once extended across central Kane County but now lie outside of 
the region of upcurved rocks. Regional studies show a strong improbability that 
Tertiary rocks were involved. The upwarping is therefore believed to be pre-Ter- 
tiary and substantially contemporaneous with the movements that produced the East 
Kaibab monocline. It thus antedates the movements in the Paunsaug:n' ‘ault zone. 


EAST KAIBAB MONOCLINE 


Among the major flexures that have disturbed the sedimentary rocks in the Colo- 
rado plateau province the East Kaibab monocline holds high rank. It is about 150 
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miles long, records stratigraphic displacements of 2000 feet to more than 4500 feet, 
and though erosion has greatly reduced its height and otherwise modified its original 
form the structure persists as a prominent topographic feature visible at long distances 
and especially impressive in near-by views. The East Kaibab monocline is especially 
conspicuous between Shurtz Gorge and Catstairs Gorge, where it stands as a saw- 
toothed ridge—an outstanding scenic featured named by the pioneer settlers the 
Coxcomb. For a distance of about 8 miles south of Shurtz Gorge the narrow crest 
of the monocline stands about 1150 feet above the Paria River on the east and 800 
feet above Robinson Creek on the west. Farther southwestward some of its higher 
parts have been removed by erosion, but their remnant-truncated strata are recog- 
nizable along West Clark Bench and the Paria Plateau until lost to view beneath the 
alluvium of House Rock Valley. 

The eastern flank of the flexure dips eastward in conformity with the attitude of 
its component Jurassic strata which, in the Coxcomb, are inclined at angles of 20° to 
40°, in places 60°, and before reaching the Paria River abruptly flatten; dips as high 
as 30° may change to less than 3° in a distance of 500 feet (Pl. 8). On this slope the 
younger rocks seem to be plastered against the core rock of Navajo sandstone, and 
the short swift-canyoned streams have cut them into rectangular and triangular seg- 
ments which lean against the general slope like boxes and upturned flatirons. Unlike 
the eastern flank the western flank of the monocline is entirely out of accord with the 
attitude of the sedimentary rocks. Its steep slopes have been developed by trun- 
cating the Navajo sandstone and the Chinle formation, which dip in an opposite 
direction, and hence present a sequence of cliffs whose heights measure the thickness 
of the harder beds. 

The structural displacement along the East Kaibab monocline in central Kane 
County averages about 4500 feet—an estimated minimum of 3600 feet, and a maxi- 
mum of 5000 feet. Across House Rock Valley within 3 or 4 miles one may pass from 
the top of the Kaibab limestone to the top of the Navajo sandstone and in places to 
the Dakota sandstone. The Navajo sandstone in the Coxcomb and the Straight. 
Clitis sandstone (Cretaceous) in the Kaiparowits Plateau are approximately con- 
cordant. 

The monoclinal flexure has involved all the Permian, Triassic, Jurassic, and Cre- 
taceous rocks represented in southern Utah and adjoining parts of Arizona, and, from 
south to north, in consequence of erosion guided by regionally northward dips, suc- 
cessively younger formations appear at the surface. Along the western flank of the 
structure consequent and subsequent streams have excavated runways in the rela- 
tively soft Triassic rocks of House Rock Valley, and along the eastern flank the 
subsequent Cottonwocd Creek has developed a broad floor—the “‘race track” —in the 
unresistant Upper Jurassic rocks, 100 to 400 feet below the Dakota sandstone in the 
bordering hogbacks. 

Throughout its course the East Kaibab monocline has been developed by folding, 
unaccompanied by large-scale faulting. On its eastern flank the abruptly down- 
turned strata appear to be unbroken. Also along its western base the sequence of 
strata is generally complete, but in House Rock Valley, where local faults have cut 
out parts of the tilted Triassic beds, a more or less continuous, narrow belt of fractured 
rock may lie beneath the alluvium. In the walls of Shurtz Gorge and Catstairs 
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Gorge, and generally along the Coxcomb, the thick-bedded upper Chinle formation 
and especially the massive Navajo sandstone are traversed by prominent joint cracks 
and fracture belts, and here and there the rocks have been displaced by small-scale 
slipping and shearing. 

In places along their courses the Kaibab monocline and the Kaibab upwarp are 
closely associated. In Arizona they are so completely merged that the monocline is 
not clearly represented in the topography; it merely defines the eastern border of the 
Kaibab and Coconino plateaus (Pl. 9). Beginning near the Utah-Arizona boundary 
the axes of the two structures diverge, and the monocline retains its characteristic 
features for fully 20 miles beyond the poorly defined north end of the upwarp. In 
places where the two flexures are separate but close together the establishment of 
their boundaries is guess work. Thus across upper House Rock Valley and up the 
west flank of the monocline the dip of the strata progressively steepens eastward, but 
the sequence of the Permain, Triassic, and Jurassic beds is substantially unbroken. 
Farther north, however, dips of tilted beds in the monoclinal mass decrease rapidly 
at its border and within a short distance regain their original attitude. 

Dutton (1880) described the ‘Eastern Kaibab fault” (substantially the East Kai- 
bab monocline) as a continuous structure that, beginning in the vicinity of the San 
Francisco Mountain, extends northward across Arizona and Utah to the Wasatch 
Plateau. He speaks of the “Kaibab fault” and the Paunsaugunt fault as “branches 
of one displacement”’. 

Walcott (1890) expressed the belief that the movement along the East Kaibab 

monocline: 
‘began in the region of the Grand Canyon as a pre-Cambrian fault.... A period of rest then ensued 
that was broken, in the later part of Paleozoic time, by the formation of an eastward facing mono- 
clinal fold of a few hundred feet.... From the close of the Paleozoic to the Middle Tertiary there 
is no known evidence of any movement along the line of the East Kaibab displacement. The inter- 
vening time appears to have been one of slow subsidence and quiet deposition of sediments. From 
the evidence given by Captain Dutton (U. S. Geol. Survey Mon. 2, p. 70, 1882), it is scarcely to be 
doubted that the later displacements are of Tertiary age and that the movement continued to a 
comparatively recent date. 

More recent studies (Gregory and Moore, 1931; Gregory, in press, b; Babenroth and 
Strahler, 1945) serve to modify the conclusions reached by Dutton and his coworkers. 
They show that as a clearly defined tectonic feature the East Kaibab monocline ex- 
tends from the Coconino Plateau northward to the Kaiparowits Plateau, beyond 
which its expression is increasingly indistinct, and that the Paunsaugunt fault is a 
major zone of displacement and differs from the monocline in origin, age, alinement, 
and as a controlling factor in the development of the topography. Near Kaiparowits 
Peak (“Canaan Mountain’’) the steeply inclined strata in the monocline, including 
the youngest Cretaceous, have been beveled by erosion and overlain by the essentially 
horizontal conglomerates and limestones of the Tertiary Wasatch formation. Thus, 
movement along the great fold probably ceased at or near the end of Cretaceous time, 
and the erosion represented by the pre-Wasatch unconformity dates from early 
Eocene or very late Cretaceous time. 


OUTLINE OF PHYSIOGRAPHIC HISTORY 


The cliffs, canyons, high-lying terraces, and low-lying flat lands that characterize 
the topography of central Kane County record stages in the physiographic history 
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BULL. GEOL. SOC. AM., VOL. 59 GREGORY, PL. 8 


Ficure 1. Looxinc Nortu From Paria River up Cotronwoop CREEK 
Eastward-tilted rocks are Navajo sandstone (Jn), upper Jurassic (Ju), Dakota sandstone (Kd), Tropic 
shales (Kt), and Wahweap sandstone (Kw). 


Ficure 2. Looxinc pown Partita River FROM MoutH oF Suurtz GORGE 
Navajo sandstone (right sky line) overlain in turn by upper Jurassic and Cretaceous rocks. Flat surface 
(middle distance) bevels upturned strata. 


FEATURES OF THE EAST KAIBAB MONOCLINE 
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BULL. GEOL. SOC. AM., VOL. 59 GREGORY, PL. 9 


Ficure 1. Looxinc pown Paria River the 
Navajo sandstone (sky line) and upper Jurassic at abandoned village of Adairville. Flat-lying Jurassic ] 
strata of East and West Clark Bench. strea 


Ficure 2. Looxinc Soutawest From West CLarK Bencn Across House Rock VALLEY TO and 
Crest oF Urwarp (Ricut Sky Line) han 
‘Topographic features in middle distance are erosion remnants of the East Kaibab monocline. chan 


STRUCTURAL RELATIONS OF ROCKS ALONG UTAH-ARIZONA BOUNDARY 
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of the entire Colorado plateau province. Field studies indicate that the rocks ex- 
posed on the Kaibab Plateau, in Kimball Valley, in the Vermilion Cliffs, the White 
Cliffs, and the Pink Cliffs farther north were deposited in succession near sea level, 
that they once extended across southern Utah and far southward into Arizona, and 
that with little modification in attitude they were uplifted en masse. Thus the top- 
most rock (Tertiary) was brought to heights exceeding 8000 feet. There the rocks 
presented a relatively flat surface similar in form and attitude to the top of the Paun- 
saugunt Plateau. Since the lands were uplifted to their maximum height their physio- 
graphic history is chiefly the record of reduction of high lands to lower lands by stream 
abrasion, weathering, and transporting the resultant rock waste. It seems reason- 
able to assume that the ancestral drainage system in central Kane County was devel- 
oped on lands far above sea level and consisted of a few streams that flowed northward 
in accord with the regional inclination of the sedimentary beds. After the Colorado 
became established as the master line of drainage for the plateau country its trib- 
utaries lengthened, and in consequence of headward erosion the divide between the 
north-flowing and south-flowing streams that once stood near the Colorado has re- 
treated to the rim of the High Plateaus. From this clearly defined drainage parting 
the headwaters of streams that cross Kane County descend precipitously through 
innumerable narrow deep gullies, in strong contrast with the slowly moving streams 
and widely flaring valleys on the Paunsaugunt and Aquarius plateaus, which retain 
the pattern of an ancient drainage system. Regional uplift gave the south-flowing 
streams the strength necessary to dig deep runways and to wear down the rock on 
intercanyon areas. Though the task of reducing the rugged highlands to a plain of 
low relief is far from complete, these streams have stripped from central Kane County 
stratified rocks more than a mile thick. The many-branched Paria River and John- 
son Creek have been powerful enough to make their way southward across strata 
that dip northward; they have even kept their courses over the masses of upturned 
resistant rocks encountered in their deepened channels. Without substantial change 
in their probable original alinement the Paria River leaves a broad valley and plunges 
through the East Kaibab monocline, and its chief western tributaries, Sand and Kai- 
bab creeks, have gouged courses across both the monocline and the Kaibab upwarp. 
These great folds, which were concealed by flat-lying rocks when streams first crossed 
their sites, are now prominently exposed, and the streams that cross them in Shurtz 
and Catstairs gorges and in Sand and Kaibab gulches seem completely out of place. 
Thus the natural course for the lower Paria River and for the streams that cross or 
flow down the steep sides of the Coxcomb and the Kaibab Plateau appears to be 
House Rock Valley, which lies far below the surrounding highlands and slopes toward 
the Colorado River. At the present time only House Rock Creek that drains the 
southern part of the valley (in Arizona) flows directly to its master stream. Farther 
north the topographically continuous House Rock Valley is occupied by short, ephem- 
eral, consequent, and subsequent streams that head in low divides where erosion is 
rapid. Although these streams are now tributaries to Sand and Kaibab creeks which 
cross the valley, no great amount of erosion would be required to erase the divides 
and thus convert the gulches of various trends into a continuous south-flowing 
channel, suitable for carrying the run-off from House Rock Valley and large adjacent 
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Among the effective processes concerned with remodeling the Kane County land- 
scape, downcutting of the drainage channels by streams has been dominant but not 
uniform in rate. The present topography reveals wide-scale changes in stream habit, 
and doubtless throughout their lives the streams oftentimes experienced considerable 
change in erosive power for which the records have been destroyed. Many canyons 
and open valleys present evidence of alternating periods of downcutting and widening, 
of dominant aggradation and degradation. Pauses in the generally rapid downward 
erosion are recorded in the valley profile. In places the floor of a moderately wide 
canyon is trenched by a narrow rock-walled gorge,—a canyon within a canyon—and 
elsewhere the remnants of old peneplanes are parts of the valley walls. At the mouth 
of Shurtz Gorge an erosion surface has been developed by truncating tilted strata, and 
on West Clark Bench remnants of a similar surface, here protected from erosion by 
slab gravels, are features of high mesas (PI. 7). 

After the canyons had been sunk in rock to their maximum depth and central Kane 
County had attained much of its present topographic ruggedness, downcutting seems 
to have ceased; the valley floors were covered by alluvium 10 to more than 50 feet 
thick, and on intervalley areas erosion and transportation of rock waste reached its 
minimum, thus facilitating the accumulation of products of weathering and the for- 
mation of soil. The alluvial banks of present streams and remnant terraces show 
that in consequence of valley filling the streams were graded at low inclination—in 
places so low that standing bodies of water were permitted to form. The ponds in 
Lake Canyon and Kitchen Valley have this origin. 

The period of dominant downcutting (the canyon epicycle) was followed by a 
period of alluvial deposition (the inner canyon epicycle) which as judged from arti- 
facts dates from the middle of the seventeenth century, and in turn by a period of 
rapid erosion (the terrace epicycle), which began in the latter part of the nineteenth 
century and has yet not ended. At present in southern Kane County erosion is 
vigorous. From the high escarpments and the faces of low ridges and mesas, swiftly 
flowing ephemeral rills are now carrying away the products of rock disintegration 
about as fast as they are formed, and their effectiveness is increased by mass move- 
ments of loosened bedrock exemplified by the huge landslide backed against the Cox- 
comb and the Vermilion Cliffs at Mine Gulch. Consequently the accumulations of 
talus are relatively small; many outer canyon walls, escarpments, and steep slopes 
present only bare rock. Furthermore most streams at their headwaters and at other 
places where their beds are steeply inclined are scouring bedrock and keeping their 
channels clear of extraneous debris and generally along their course are deepening 
their runways and digging out and transporting enormous quantities of rock waste 
deposited during a previous cycle (Pl. 7, fig. 3). The destruction of the alluvial fill 
is particularly rapid, in places and at times, spectacular. In pioneer days and as late 
as 1890 upper Kitchen Canyon was a region of swamps, ponds, and grassy meadows, 
famous for its choice forage. It is now crossed by a trench about 10 feet wide and 
70 feet deep and by many smaller trenches. Likewise for many years the floor of 
Park Wash was an undissected surface of alluvium coated by grass and palatable 
herbage, the route of a wagon road from Kitchen Corral to Five Pines. About 1895 
the shallow, narrow streamway began to deepen and since that time has continued 
to cut downward and sideways into alluvium 10 to 30 feet thick, destroying grazing 
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land and farm land in the main wash, and stripping the branch washes of their soil. 
In August 1943 a turbulent stream produced by a single heavy shower was observed 
to dig a trench 30 feet wide, 18 feet deep, and 800 feet long. Canyons in which the 
alluvial fill is in process of destruction have a cross profile characteristic of southern 
Utah topography. From an inner vertically walled gorge cut 20 to 80 feet into sand 
and gravel the valley floor extends as terraces to the base of the rock cliffs that wall 
the outer canyon. This recent trenching and terracing of the alluvial valley fill is of 
prime importance to the stockmen and farmers in central Kane County. It has re- 
sulted in the destruction of some of the best meadow land, lowered the streams to 
levels where obtaining water for irrigation is almost impossible, and caused the reloca- 
tion of buildingsand roads. Largely for these reasons the settlements at House Rock, 


Adairville, Paria, and Johnson City were abandoned. 
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ABSTRACT 


The major features of the geologic framework of the continent are outlined. 
Attention is called throughout the paper to the many similarities in the continental 
framework and geologic history of South America with those of North America. 

The change in paleogeography and facies from Cambrian to Pliocene inclusive is 
pictured on 15 paleogeographic facies maps (Pls. 2-16) selected to show the principal 
sedimentary overlaps. Intervening changes and conditions, the progress of trans- 
gressions, and the fundamental transitions in the architecture of the continent that 
caused or conditioned the paleogeographic and facies changes are briefly reviewed. 

The major events as interpreted from the stratigraphy, structure, and other 
features of the geology are: 


1, Late Proterozoic diastrophism. 


2. Upper Cambrian marine transgression and wide-spread late Cambrian-early Ordovician sedi- 
mentation, with less extensive deposits of middle and later Ordovician and early Silurian time. 
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3. Main Caledonian orogenies of late Ordovician to Silurian, and a general withdrawal of the sex 
during much of the Silurian. The best-developed Silurian seaways, as in North America, are apy. 
ently in the eastern part of the continent. 


4. Marine advance in late Silurian and early Devonian. An extensive development of Lop, 
Devonian sediments, which embrace the major part of the Devonian sediments of South Ameria, 
However, a middle Devonian marine invasion spread through the Colombia-Venezuela and Amagp 
troughs and southward down the Cordilleran trough at least as far as 20° S. Lat. 


5. Upper Devonian sediments are unknown in South America. Mississippian marine sedimens 
occur in the West-Central Argentine embayment and at least locally in the Colombian seaway; an 
they may yet be found in the Cordilleran trough of Peru and Bolivia, efc., where continental beds of 
Mississippian and probably also Pennsylvanian ages occur. 


6. Mid-Pennsylvanian marine sediments are known locally in the Cordilleran trough, but th 
first major marine advance following the Devonian began in the late Pennsylvanian and persisted 
through the early Permian. It covered approximately the same areas that were occupied by Deygp. 
ian seas. Glaciation occurred south of about 20° S. Lat., and its deposits are interfingered with bo} 
marine and continental sediments in the southern areas. Less extensive, mainly continental ge. 
mentation of later, possibly mid-Permian age, locally carrying glacial deposits in the south, ng 
disconformably on early Permian. 


7. Marine sediments of Upper Permian and Lower and Middle Triassic age are not recognized 
the continent. Some plant- and coal-bearing beds in Peru are thought to be mid-Triassic. 


8. The sea advanced from the west during the Upper Triassic into the basins occupied by Pe. 
mian sedimentation. The marine sediments interfinger with and change to a continental fais 
toward the margins of the advance. These continental clastics overlap beyond those of the Permian 
in many places. 


9. A new pattern of geosynclines, whose formation began along the belt of the present Contillen 
in the Triassic, is outlined by Jurassic sediments whose main seas existed in the Lias, Bajocian, and 
Callovian ages. Barred basins developed in these geosynclines. These were sufficiently closed 
deposit salt and anhydrite in the Oxfordian stage. 


10. A readvance of the sea in the late Jurassic, Tithonian, spread sediments of Tithonian and early 
Cretaceous Neocomian stages through somewhat more extended areas of the western geosynelins, 
opening southward through Tierra del Fuego, and also extending for the first time across the northem 
part of the continent. 


11. In the Aptian-Albian-Lower Cenomanian (Comanche) ages of the Cretaceous the Cordillem 
seaways enlarged in the northern and northwestern areas and receded toward the new southn 
peeeee embayment. A marine embayment appeared for the first time in the Bahia area of th 

razilian coast. 


12. A withdrawal of the seas in the Cenomanian was followed in late Cenomanian and Turonim 
time by a wide marine advance over the areas of Aptian to early Cenomanian sedimentation. De 
posits of this sea are most prominently developed in the Turonian and lower Senonian stages. Asa 

reliminary to the uplift of the Andes, the overall slope of the continental platform, which had ben 
eer westerly during the Paleozoic and Lower Mesozoic, began to take a more level stand. Asa 
consequence extensive, largely fresh-water lakes spread over the interior of the continent during th 
Upper Cretaceous. 


13. Two or more relatively minor to locally more severe movements affected the continentintk 
late Cretaceous. The first caused a retreat of the sea in the Upper Senonian. In many partsd 
South America, as in other parts of the world, a well-defined hiatus separates the Tertiary fromth 
Cretaceous. However, the seas advanced into the deeper parts of the troughs and embayments 
deposit sediments of late Senonian to Paleocene stages. 


14. The first major Andean orogenic movement of the Tertiary occurred in post Paleo 
Eocene time. A marine advance followed which spread widely in the middle Eocene, and thet 
were further lesser retreats and prominent readvances in the upper Eocene. 


15. A second major Andean movement had its climax in early Oligocene. This was followed y 
sea advances of middle Oligocene to early Miocene time. 


16. The Oligo-Miocene deposits spread headward and inland and continued upward through the 
Middle Miocene into brackish and still more continental facies, while they remained marine incr 
acter in more restricted episeas of the continental margins. 
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17. Upper Miocene time ye on a further general retreat of seas and a drying-up of interior areas 
preliminary to a third major Andean orogenic-epeirogenic movement in late Miocene. 


18. The seas readvanced into certain local embayments and marginal areas in the Pliocene. 


19. Continental deposition continued along the Andean front in the Pleistocene as the fourth 
major Andean movement raised the Cordilleras to approximately their present conformation. Gla- 
cation developed in the higher mountains and was general over southern Patagonia. 


20. Taphrogenic breakdown and general subsidence of continental border areas and belts, which 
began in the Mesozoic, became more pronounced in the late Tertiary and Quaternary. 


INTRODUCTION 


Our understanding of the geology of the earth or any part of it is constantly under- 
going change. This condition of change and growth as new facts come to light is 
one that is common to all sciences. Every geologic map is, in effect, a progress map, 
imperfect and vulnerable. However, there is no area of the earth, large or small, 
and no problem in geology that cannot be understood better when it can be visualized 
against a broader background. Paleogeographic maps of South America for 20 
principal deposition overlaps or units of sedimentation from the Cambrian to the 
Pleistocene were prepared by the writer 7 years ago in the course of developing 
similar broad regional studies of the earth. The accompanying maps incorporate 
various subsequent revisions and no doubt will require many more. With few 
exceptions (certain ages and areas of the lower Paleozoic in particular), future 
revisions will be concerned more with refinements of detail and of facies distribution 
than with the existence and general outlines of the major seaways and embayments. 

The compilations are based on 22 years of growing familiarity with the geology 
of South America, about 15 years of which were spent in field study of many parts 
of the continent from the Caribbean on the north to Tierra del Fuego on the south. 
In addition to this first-hand source of information the writer is greatly indebted 
to his colleagues in the field and to many sources of published information. A 
selected bibliography of several hundred papers, books, and other publications is 
appended. No doubt other good papers exist that have escaped the writer’s atten- 
tion. 

The writer is much indebted to paleontologists, particularly to those who are 
also stratigraphers and who are able to rationalize their findings by fitting them into 
the broad regional picture of stratigraphic ceoncieas and facies changes and the 
fourth dimension—geologic time. 

In discussing a subject as vast as that here involved within the limits of space 
and time available, only the barest outline can be given. The paleogeographic 
maps shown are selected to picture the principal units of sedimentary overlap or 
‘layers of geology”. ‘These chapters are fitted into the geologic story of the con- 
tinent after a brief look at the continental framework with the aid of Figure 1, which 
shows the present structural (in contrast to original sedimentary) basin areas of 
the two Americas. 


CONTINENTAL FRAMEWORK 


The geologic framework of the continent of South America bears many similarities 
tothat of North America. Chief of these are: 
(1) The right-angle triangular shape. 
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(2) The great central stable shield or continental nucleus—Canadian shield jy 
North America and Brazilian shield in South America, each covering a vast area jn 
the northeast-central part of the continent. 


SEDIMENTARY BASINS 
WESTERN HEMISPHERE 


Figure 1.—Sedimentary basins, Western Hemisphere 


(3) The long mobile belt, consisting of asymmetric geosynclinal troughs and 
borderlands, which fringed the forelands of the stable shield areas on the west 
throughout most of geologic history and which, through a series of orogenies, devel 
oped into the lengthy Cordilleras of today. 

(4) The development of mobile belts, now marked by the southwest-trending % 
called Brazilides of eastern Brazil and the middle Argentine ranges, that are broadly 
similar in respect to position, age, and trend, although on a very much lesser scale 
of development, to the Appalachian-Ouachita-Llanoria belts in North America. 

(5) The remarkable similarity of the West Indian arc, connecting North Ameria 
and South America through southern Mexico, northern Central America, the Greaiet 
and Lesser Antilles, and the northern Trinidad and Venezuelan coast ranges, wilh 
the southern arc which connects Antarctica with South America through Tierra dd 
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Fuego, Burdwood, South Georgia, South Sandwich, South Orkneys, South Shetlands, 
and the Antarctides. (Evidently the connection between the two continents 
through Central America is not that of the ordinary tectonic mobile belt of the crust. 
The tectonic mobile belt connection clearly follows the arc of the Antilles into its 
Andean continuation in South America. The more direct connection through 
Central America is rather clearly that of a volcanic bridge across the easterly embay- 
ing Pacific-Caribbean plate. The basic lavas forming that bridge and the similar 
lavas comprising part of the foundation of the Antilles rose incidental to the collapse 
of the Pacific-Caribbean areas. This collapse and the extravasation of the basic 
yolcanic lavas to form the bridge occurred since the Cretaceous, just as the thousands 
of Tertiary-Quaternary volcanic islands and island ridges throughout the Pacific 
region rose during the same period which, on balance, was one of subsidence of the 
ocean plate.) 

(6) The similar spread of seas over the forelands and interior shield areas at 
similar periods from the major troughs and seaways that lay in the main on the west 
and southwest. Seas entered also at certain periods on both continents from the 
northeast and/or northwest. 

(7) The similar changes in general pattern of the paleogeography (shown on the 
accompanying maps in the case of South America) from that of the Paleozoic to 
that following the Triassic. On both continents new Mesozoic-Tertiary geosynclines 
opened along the backs or hinterlands of the Paleozoic mobile belts, extending from 
beyond Japan through southern Alaska and through western North America and 
South America. 

(8) The high plateaulike widening and westward bulge in the region of the middle 
Cordilleras on both continents. 

(9) The marine overlaps of Cretaceous-Tertiary age from the east and southeast 
on both continents. These overlaps developed with the uplift of the Cordilleras, 
which brought about a change in the overall tilt or surface slope of both continental 
blocks from the westerly one that was generally prevalent prior to the Cretaceous 
toan easterly or southeasterly slope subsequent thereto. 

(10) The subsidence, largely during the period from late Cretaceous to the present, 
of the hinterland belts of the Cordilleras beneath the waters of the Pacific along the 
coasts of both continents. 

Numerous other similarities exist, many of which will be mentioned. However, 
there are differences of interest. One is the fact that, with few exceptions, the 
extent and the depth of epeiric seas was somewhat less in South America than in 
North America. Likewise marine conditions in South America were less prevalent 
ot continuous, and there was a lesser volume of sediments left by the seas than in 
the northern continent. Another difference is that, relative to North America, 
there is a rather low representation of carbonate rocks in the basin sediments. 


ALGONKIAN 


Deposits of the Algonkian or late pre-Cambrian are difficult to differentiate in 
many cases. Sediments of many ages up to even Triassic, Jurassic, and Cretaceous 
ave been called pre-Cambrian at one time or another. Usually considered a part 
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of the Algonkian are a series of highly metamorphosed sediments, ‘ncluding hug 
deposits of high-grade iron -ore, deposited in an ancient north-northeast trending 
geosyncline in eastern Brazil. Other iron-ore deposits occur in Venezuela south of 
the Orinoco. These occurrences recall that of the Lake Superior iron ores of similg 
age. Southward along the same trend in Brazil and Uruguay, in northern Paraguay, 
in southwestern Matto Grosso, and in the Andean belt of northern Argentina, Pery, 
and Bolivia, there occur old metamorphics which have been considered as pre. 
Cambrian but part of which may very well be younger. Other local occurrences, 
particularly in southern Brazil and Uruguay, sometimes placed in the early Paleoapie, 
fit more logically in the late pre-Cambrian. 


CAMBRO-ORDOVICIAN 


As in North America the widest extent of the Cambrian seas was in the upper or 
late Cambrian. In fact, no lower Cambrian has been ‘dentified in South America, 
Uppermost Cambrian and/or lowermost Ordovician marine sediments are known in 
the Macarena and neighboring parts of south-central Colombia. Ordovician js 
present in the Mer'da range of western Venezuela, at Puerto Berrio in the Magdalen 
valley of Colombia, and seems to be also represented at other places in northem 
Colomb‘a. An Ordovician age is probably represented in the early Paleozoic sedi. 
ments of southern Ecuador. 

Middle and, particularly, Upper Cambrian marine sediments are known along the 
eastern Cordillera of Bolivia. This marine invasion transgressed southward into 
northern Argentina where it embayed in a less marine facies. Transgression co- 
continued in the Ordovician in the Cordilleran and pre-Cordilleran belt of Argentina, 
Bolivia, and Peru (PI. 2). 

Various marine advances and retreats are indicated, but the principal Ordovician 
occurrences are Lower and Middle Ordovician in age. Shales, largely graptolitic, 
change to a more sandy facies southward; farther south, in the somewhat detached 
San Juan-Mendoza area of west-central Argentina, where the beginning of a Paleozoic 
connection with the Pacific apparently existed, there occurs a well-known calcareous 
facies. 

Cambrian faunas of the Cordilleran belt are said to show affinities particularly 
with the Pacific North American province, but, rather early in the Ordovician, 
faunas appear which indicate affinities with Atlantic-European waters. Possibly, 
connections existed from the north through the Caribbean, from the east acrossa 
developing Amazon geosyncline, and across the middle of the continent through 
Brazil where lower Paleozoic sediments of still insufficiently defined age occur. 

In 1942 Middle Ordovician graptolite shales were identified in the center ofa 
domal uplift in northeast Peru near the Brazilian frontier, further suggesting that 
the Amazon Paleozoic geosyncline may have developed this early in the Paleoaic 
era. Indeed, the 1938 geologic map of the Ministry of Agriculture of Brazil shows 
the oldest sediments of the Amazon trough as questionably late Cambrian, and they 
similarly map large areas of still insufficiently studied sediments extending actus 
middle and eastern Brazil. Wherever early Paleozoic sediments are present it 
many parts of the world the Ordovician is commonly prominent. For this reas 
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and also from the fact that the Ordovician seas were more widespread than the 

Silurian or post-Caledonian seas in other parts of South America, it is felt that the 

Ordovician will be found represented in many of the occurrences of pre-Devonian 
in Brazil. 

Some of the older sediments of Brazil and Uruguay, occasionally mapped as early 
Paleozoic, may be late pre-Cambrian. However, it is the writer’s opinion that, in 
the absence of recognizable fossils, geologists in general are apt erroneously to ascribe 
too great an age to sediments that show a high degree of metamorphism. This error 
has been made in South America with respect to highly metamorphosed sediments, 
even as young as the Cretaceous, where they occur in a belt that once was highly 
mobile. 

No paleontologic evidence of Paleozoic deposits has yet been found in the 
Patagonian Andes or at any other place in South America south of 38°S. Lat. In 
the South Orkneys, about 700 miles southeast of Cape Horn, however, middle 
Ordovician species of arthropods and of graptolites are reported from sediments that 
have been altered to slates. 


SILURIAN 


Principally the lower and the very latest Silurian is found in South America. 
Thé early Silurian is present in the deeper parts of the Cordilleran seaway, particu- 
uly in Peru and Bolivia, as a continuation of the Ordovician graptolite-bearing 
ediments. It also occurs in the lower Amazon trough where it had possible con- 
nections westward, as shown, with the seas of the Cordilleran belt. 

Some have considered the extensive Bambuhy and older series of east-central 
Brazil Silurian in age, based on a very meager and insufficiently studied fauna. 
The writer feels gertain, on the basis of paleogeographic, stratigraphic, lithologic, 
and structural considerations, that these series are pre-Devonian. They may very 
well be Lower Silurian or Ordovician in age, or both. The paucity of fossils may 
ie in part due to a semi-flysch character of much of the sediments, which were 
probably largely derived from the eastern mobile borderland and hinterland belt. 

As in North America, the Silurian of South America may have its best or widest 
development in the eastern part of the continent. Sediments possibly Silurian in 
we occur in Matto Grosso and westward. There are indications of a possible con- 
uction between the Amazon and Cordilleran troughs across the Beni area of northern 
bolivia. The extension of the Silurian seaway shown on Plate 3 across southern 
Brazil and Uruguay is very questionable. 

The sea appears to have withdrawn extensively. or completely from the present 
wea of South America during much of the Silurian, probably in response to the 
Caledonian (Taconic) movements that so widely affected the earth. In latest 
Silurian time a readvance of the sea occurred which continued through the Lower 
Devonian. Sediments of this sea are present in the Cordilleran trough of Peru, 
bolivia, and Argentina and in the trough then developing across middle Argentina. 
They probably are represented in the eastward transgressive advance of the Bolivian 
a across Paraguay toward the Parana basin of south Brazil and north Uruguay. 

There are insufficiently confirmed indications that Silurian sediments are present 
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in the Cordilleran belt of Colombia in the same trough belt occupied by the Cambp, 
Ordovician. 


DEVONIAN 


The sea advance which began in latest Silurian time spread eastward through 
the Chaco and Parana basin areas and along the middle Argentine seaway anj 
remained throughout the lower Devonian. In the Cordilleran trough area of Boliyig 
and south Peru thousands of meters of flysch-type sediments accumulated. They 
were derived from lands newly raised by the Caledonian orogenies. In Bolivia an 
Peru sedimentation extended into the Middle Devonian. As a result of th 
Caledonian deformation in central Argentina the Cordilleran Devonian sea did not 
extend as far southward as did that of the Ordovician. In Brazil the Devonian 
consists of a prominent basal sand, overlain by shales which become somewhat mor 
sandy at the top. Devonian sediments of South America are largely clasticg— 
shales and sands. The Lower Devonian sea spread also through the Amagm 
trough, and far toward the south it covered the Falkland Islands. 

In addition to its occurrence in the Central Cordilleran area, Middle Devonian 's 
also present in the Amazon trough; and only Middle Devonian has so far been 
recognized in the Colombia-Venezuela trough, where, however, the occurrences ar 
fairly widely distributed. Middle Devonian has not been recognized south of 2° 
S. Lat., unless a sandy facies which conformably overlies the lower Devonian shales 
in the Bolivian pre-Cordillera is of that age. Very recently field studies in the 
Maranhao basin, shown on the Devonian (PI. 4) and on the Upper Carboniferou 
Permian (PI. 5), maps as extending southward from the area of the mouth of the 
Amazon, revealed the presence of a Devonian marine fauna; hence, a Devonian 
embayment apparently extended into this area. : 

Lower Devonian faunas of all basins south of the Amazon basin have a char- 
acteristic, related austral or southern aspect. The Amazon basin Lower Devonian 
sediments contain a similar fauna, with an admixture of northern forms. The 
Middle Devonian of Colombia, of the Amazon basin, and of Bolivia, while varying 
in ecologic conditions, all contain a related and essentially northern fauna, though in 
Bolivia there are thought to be present certain descendants of southern Lower 
Devonian types. 

Upper Devonian time apparently found the seas withdrawn everywhere, though 
limited deposits of that age may yet be found in the areas of Middle o 
earlier Devonian sediments, especially in the troughs of greatest subsidence. 


MISSISSIPPIAN 


After the withdrawal of the Devonian seas from the area of the present continent, 
South America remained above sea level throughout the Mississippian perio. 
Recently well-developed Mississippian marine sediments have been identified in 
San Juan and Mendoza in the embayment that extends eastward into west-central 
Argentina. This was a more or less continuous embayment. Pentremites an 
other Mississippian marine fossils have been reported in north-central Colombia. 
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In the Cordilleran belt of Peru and Bolivia, sediments are present which are 
thought to be Mississippian in age. These appear to be largely continental in 
gcies, but it appears not improbable that marine representatives will be found in 
the deepest parts of the belt of sedimentary troughs. An occurrence of questionable 
Lower Carboniferous sandstone has been reported near Monte Alegre in the Amazon 


trough. 
UPPER CARBONIFEROUS-PERMIAN 


Middle Pennsylvanian marine sediments and certain other marine and continental 
beds, of less well-defined age, are known in the Cordilleran geosyncline of Peru, 
Bolivia, and northernmost Argentina. However, the first widespread advance 
following the retreat of the Devonian seas was of late Pennsylvanian-early Permian, 
or approximately Wolfcamp age. Sediments of this age were commonly loosely 
referred to as “Upper Carboniferous”. They form one of the most widespread over- 
lips of the continent and cover approximately the same area as did the Devonian 
ediments. In contrast with the Devonian, however, continuously marine sediments 
yere deposited only in the deeper western parts of the Cordilleran troughs and in 
the Amazon geosyncline (Pl. 5). Over the eastward extension of the Peru-Bolivia 
enbayment, across the Chaco and Parana basin areas, the sediments have partly a 
cntinental-sea to brackish-water aspect, with only temporary intercalations of a 
tme marine character. Southward, in middle Argentina, the formations are of an 
een more continental character, and the only marine sediments appear in the 
Cordilleran area of west-central Argentina and middle Chile. 

The Cordilleran trough marine facies of Peru and northwest Bolivia consists 
largely of shales and sands and Fusulina-bearing limestones. Southward and east- 
yard the limestones rapidly disappear, and the amount of sand and silt increases. 
In Argentina and southern Bolivia, and eastward through the Parana basin, glacial 
sediments appear at certain intervals in these beds. These locally faceted and 
striated but more commonly partly rounded constituents, as well as the accompany- 
ing finer clastics, were derived from neighboring highlands of eastern Brazil and 
Umguay and from Argentina on the south, where glaciers developed in the so-called 
Gondwana ice age. In the marginal areas of Brazil and Uruguay and in the southern 
weas in Argentina (Pl. 5) these sediments are largely terrestrial or fresh-water in 
wigin. They contain the characteristic Gangamopteris or Gondwana flora of the 
wuthern hemisphere, and associated coal beds. In the deeper parts of the basins 
a southern Brazil, Uruguay, Paraguay, southern Bolivia, and northern Argentina 
the clastics were carried by streams and sometimes directly by glaciers or icebergs 
nto waters that were in large part marine, and they contain a marine fauna. 

The Amazon basin sediments, which make up a large part of the section in that 
lasin, are of a similar, late Carboniferous to early Permian age, but the faunas are 
aid to show a much closer affinity to those of North America, though still containing 
wme of the forms of the Cordilleran trough. In northwest Peru and southern 
Ecuador occur marine shales and other sediments of this age in good development. 
Northward, in Colombia and western Venezuela, marine late Carboniferous-early 
Permian is locally very well developed. Continental beds also occur which contain 
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the remains of a land flora. Far toward the south, Carboniferous continental glacia) 
deposits overlap the Devonian in the Falkland Islands. 

A controversy has long raged over the age of the Gondwana glacial deposits of 
South America. Some have preferred to place them in the late Carboniferous, 


others in the mid-Permian. In Bolivia and Argentina and in Paraguay, Uruguay); 


and Brazil there is a later series of Permian beds which may be mid-Permiap oy 


approximately Leonard in age, which is also the age given for some post-Wolfcamp i 
Permian marine beds locally present in Peru and in Colombia. These later seqj.t 
ments of Brazil and other southern areas were deposited in an interior sea of similar|: 
outline to that of the earliest Permian, but they are predominantly of fresh-water|: 


character. In many places over the areas these deposits rest disconformably 9 
the older Gondwana sediments without noticeable difference of dip. In Brazil and 
adjoining areas a widespread zone of pyrobituminous shales, generally known as 
the Iraty shales, occurs in these deposits. In numerous outcrops in Argentina and 
southernmost Bolivia well-faceted and striated clastics of a distinctly glacial origin 
occur near the middle of this upper series and prove the existence of a second period 
of glaciation in those areas. 


TRIASSIC 


By the close of the Paleozoic the seas had completely withdrawn from the area of 
the continent and do not appear again until Upper Triassic (Keuper) time (Camian 
and Norian stages). Some plant-and coal-bearing deposits in Peru have been 
considered mid-Triassic. In South America then, as in North America and many 
other parts of the world, the most widespread deposition occurred in the Upper 
Triassic (PI. 6). 

Marine Upper Triassic of the Carnian and Norian stages occurs in limited develop- 
ment in southern Ecuador, Peru, and Bolivia. No Triassic marine deposition is 
known in South America below these stages. The most characteristic marine 
Triassic formation is a limestone which is locally bituminous and commonly dolomiti 
and cherty, with silicified fossils and nodules. Eastward and southward (and toa 
much greater extent than in the late Carboniferous—early Permian) the Upper 
Triassic sediments become continental. 

Marine intercalations of thin limestones, together with marls, silts, and shales, 
occur in the upper Passa Dois of the Parana basin of Brazil and Uruguay. Ther 
has been much controversy over the age of the Passa Dois. It is a perfectly cm- 
formable sequence. Yet, while the lower part has always been recognized as Permian 
some of the marine intercalations above were quite definitely considered to be Upper 
Triassic on the basis of the contained faunas. A recent restudy of these faunasin 
Brazil has resulted in the conclusion that they are Permian and not Upper Triassic. 

Definitely established Upper Triassic sediments disconformably overlie the ze 
of marine intercalations. These consist of silts and sands, and the Triassic sequen 
closed with a widespread heavy-bedded sand deposition. Extensive basic flowsatt 
intercalated in the upper part of, and follow, this prominent sandstone. The Trias 
of Brazil contains a flora and a reptilian fauna which indicate its Upper Triassic ag 

In central and western Argentina Triassic continental sands and other clastic 
disconformably overlie and, in some areas, overlap beyond the Permian deposits, 
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These continental clastics grade westward into marine Upper Triassic sediments of 
the Chilean trough. As shown by the maps, this trough was now becoming more 
prominent, and it continued so through the Jurassic and much of the Cretaceous. 
The Triassic fauna of South America appears to be mostly of a Pacific character 
and is related to the western Trias of North America. 

" No marine Triassic is known north of southern Ecuador. However, northward, 
in Colombia and western Venezuela, certain red and varicolored clastics, commonly 
eferred to as the Giron series, probably are in part of Upper Triassic age. Char- 
acteristically, these sediments contain volcanic lavas and tuffs, as do so many of the 
late Triassic rocks of South America and many of the western-most deposits of North 
America. 

In British Guiana, southern Venezuela, and adjoining parts of Brazil occur the 
prominent Roraima sandstone mesas with associated basic lavas. These sandstones 
are similar to the widespread late Triassic sandstones of central and southern Brazil; 
the associated trap flows in the various areas are mineralogically similar. The 
Roraima sandstones, as well as certain similar mesa-forming sandstones on the west 
in Colombia, may accordingly be of Upper Triassic age, though they may be some- 
what younger. 

The volume of the basic, but ordinarily olivine-free, trap flows centering in south 
Brazil is probably the largest recorded on present lands in the earth’s history. The 
main part of these flows spread over a maximum width of nearly 1000 kilometers 
and a length of fully 2000 kilometers. They cover much of southern Brazil, eastern 
and southern Paraguay, northern Uruguay, and northeastern Argentina with thick- 
nesses ranging from 100 to well over 1000 meters. The flows are similar in age and 
mineralogic type to the Palisade flows of the Hudson River and certain other Triassic 
basalts of the western hemisphere. 

In west-central and southern Argentina and adjacent Chile occur other widespread, 
less basic Triassic extrusives. These include porphyritic rocks, so-called kerato- 
phyres, melaphyres, and their equivalent tuffs. Not all of these are Triassic in age 
for this type of intrusive and extrusive activity continues in the Jurassic and even 
somewhat later along the Andean mobile belt. 

The marine and fresh waters withdrew at the end of the Noric. Continental 
deposits in north Mendoza and adjacent areas of West-Central Argentina, long 
considered to be Rhaetic in age, are now thought to be eastward equivalents of the 
Upper Triassic marine sediments that lie in the deeper basin on the west. The same 
may be true of most of Triassic continental deposits that occur widely in Argentina 
south of 27° S. Lat. 


LOWER AND MIDDLE JURASSIC 


In South America as in North America, and indeed in other parts of the world, the 
thse of the Paleozoic and the opening of the Mesozoic brought a withdrawal of the 
tensive marine waters, together with an increase in continental deposition. At 
the same time there was initiated a new pattern of geosynclinal development which 


we see in the gradual change in the paleogeography toward the Jurassic and later 
periods, 


| 
| glacial | 
Osits of 
iferous, 
ruguay, 
mian or 
olfcamp 
er sedi 
‘similar 
h-water | 
ably 
azil and 
OWN a3 | 
ina and 
il origin 
d period 
area of 
Carnian 
ve been 
d many 
> Upper 
levelop- 
sition is 
marine 
olomitic 
ind toa 
e Upper 
| shales, 
There 
tly con- 
Permian 
Upper 
Triassic. 
the zone 
equenct 
lows alt 
Triassie 
Ssic age. = 
Jeposits, 


260 L. G. WEEKS—PALEOGEOGRAPHY OF SOUTH AMERICA 


By Lower Jurassic (Lias) time the new Chilean geocyncline, which was develop; 
in the Triassic or even earlier, attained prominence. It extended for a distance of 
30° of latitude, or from about 15° to 45° S. Lat. The geosyncline was much wider 
than that shown on Plate 7 which reflects the effect of the considerable pos. 
depositional folding of the Andes. It is not certain that the Chilean geosyncline 
connected with that shown on the north in Peru. However, faunal data indicate, 
connection during the Lias and perhaps other stages. 

Deposition was not continuous in the Chilean and Peruvian geosynclines during 
the Jurassic. Lias shales and limestones covered most of the areas outlined. Ther 
was some withdrawal of the seas in the Upper Lias, particularly in Peru. Marine 
Lias is known at El Banco in Colombia. This sea probably extended in along the 
main western trough of the embayment. The continental Giron beds in Colombig 
and equivalent beds in Venezuela, already referred to in connection with the Triassic, 
are thought to also include sediments of Jurassic age. 

The sea readvanced in the Bajocian age of the lower Middle Jurassic (Dogger) 
over most of the Lias areas of Peru and Chile and appears to have overlapped beyond 
the Lias in northern Chile and southern Peru. The seas then retreated so that the 
upper Dogger, Bathonian stage, of the Middle Jurassic is completely lacking, at 
least as a marine facies. 

A readvance in the Callovian are spread Callovian stage limestones and shales 
over all of the northern and much of the middle and south-central parts of the Chilean 
geosyncline. Callovian sediments are not definitely recognized in northern Peru. 
If they were deposited there, as seems quite possible, they may have been largely 
eroded during the diastrophisms that followed. 

The moderate orogenic movements which caused the several marine recessions 
from late Triassic time onward were followed at the close of Callovian time in the 
Upper Jurassic by more severe orogenic movements. These led first to a closing 
off of extensive areas of the sea and the deposition of much anhydrite and/or salt 
and associated sediments in both the Chilean and Peruvian basins during the Oxfor 
dian age. The extravasation of much volcanic material on the western side of the 
Chilean trough may have been partly responsible for the isolation of that basin. It 
is of interest that salt and other precipitates of approximately Oxfordian age ocar 
in Colombia, the Isthmus of Tehuantepec, the Gulf Coast of North America, th 
Mississippi Valley, Chile, Argentina, Peru, and other parts of the world. 

Corallian and Kimmeridgian stage sediments appear to be largely or completely 
absent in the geosynclines, though representatives of these stages may later be 
found. The most severe Jurassic orogenic movements occurred in late Jurassit, 
possibly Kimmeridgian time. This corresponds roughly with the so-called Nevada 
revolution of North America. Various low arches, principally along the eastem 
Cordillera of Peru, developed at this time. 

As in western North America, the close of the Jurassic in the Portlandian @ 
Tithonian age witnessed an extensive readvance of the seas and a deposition tht 
continued on through the early Cretaceous. The paleogeography of the Tithonian 
is shown along with that of the Neocomian on Plate 8. 


of the 
Tithon 
of cont 
part wi 
The 
Pacific 
to Peru 
with th 
it appee 
ison the 
seas acr 
(Pls. 9~ 
In the 
or brack 
on the N 


TI 
conti 
that 
P limit 
a un 
Amel 
| of Ex 
In 
follov 
this s 
from 
mittit 
preva 
Meso: 
or on 
the C: 
ment, 
south 
In I 
the reg 
are pal 
which, 
leras, 1 
In nor 
the mo 
largely 
| the gec 
\ 


TITHONIAN-NEOCOMIAN 261 


TITHONIAN-NEOCOMIAN 


The transgression which began in the Tithonian or closing stage of the Jurassic 
continued into the early Cretaceous. The paleogeography of the Tithonian and 
that of the early Cretaceous (Neocomian) are essentially similar. Except for certain 
limited deposition breaks in Peru and possibly other places, they may be treated as 
aunit. This unit has its approximate counterpart in the Pacific belt of North 
America, in Mexico, in the subsurface of the lower Mississippi Valley, in the Wealden 
of England, France, and Spain, and in other regions. 

In the Chilean trough, Tithonian brown and black shales and limestones are 
followed conformably by Neocomian shales, limestones, and sandstones. Most of 
this sequence is marine. During the period the trough rapidly extended southward 
from northern Patagonia and probably northward through Tierra del Fuego, per- 
mitting ingress of southern faunas and mixture with the Indo-Pacific faunas that 
prevailed at this period along the west coast of the Americas. Paleozoic and early 
Mesozoic marine sediments have not been definitely recognized in southern Patagonia 
or on Tierra del Fuego. Just as they do in the north Venezuelan Andes, 
the Cretaceous formations appear to transgress directly upon the crystalline base- 
ment, though local occurrences of older sediments may one day be identified in the 
south Patagonian Andean belt. 

In Peru marine sediments of the period are well developed on the coastal belt in 
theregion of Lima. Here the Valanginian and Hauterivian stages of the Neocomian 
are particularly well represented. Eastward, toward the late Jurassic arch or arches, 
which, as already pointed out, developed along the belt of the present eastern Cordil- 
leras, there is a change to a mixed marine and continental facies bearing some coals. 
In northern Peru, still little-known coals of this age occur, which may rank among 
the most important in volume and quality in South America. The earlier Tithonian, 
largely marine facies, is best represented in the northern and northwestern part of 
the geosyncline, while it is mainly the Neocomian that extends into the upper part 
of the embayment south of 9° S. Lat. East of the Eastern Cordilleran arch the 
Tithonian also thins out southward, and the Neocomian appears to consist largely 
of continental red or varicolored clastics, including much cross-bedded, possibly in 
part windblown, sandstones. 

The late Jurassic-Neocomian sea of Colombia also spread eastward from the 
Pacific and connected across northern Venezuela and Trindad. From Trinidad 
to Peru the faunas of the seaways appear to have their main affiliation or connection 
with the Tethys faunas of Europe. While on regional and paleontological grounds 
itappears that the Cretaceous seaways extended through northern Colombia, there 
ison the basis of present information some question whether the area covered by the 
seas across north Colombia was as extensive as is shown on the Cretaceous maps 
(Pls. 9~11). 

In the newly developing Bahia embayment of the east coast of Brazil continental 
ot brackish, possibly estuarine sediments of apparent pre-Albian age are included 
on the Neocomian paleogeographic map, though they may be Aptian in age. 
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APTIAN-ALBIAN-LOWER CENOMANIAN 


The paleogeography of the continent in Aptian-Albian-Lower Cenomanian time 
which is approximately equivalent to the Comanchean of the Texas Gulf coast js 
shown on Plate 9. At the southern end of the continent, the seas had largely 
withdrawn south of 47° S. Lat., which area from this time onward became a prominent 
center of subsidence and deposition. Northward in this embayment, and in th 
Neuquen-Mendoza area farther northward, marine deposition gave way to a mor 
continental facies in this period. 

In the Peruvian embayment the Pacific seas spread inland and southward in th 
Barremian, Aptian, Albian, and Lower Cenomanian, depositing a marine shak 
limestone, and sand facies. The Cenomanian, though spreading widely southwan 
in Peru and Bolivia, is not generally of great thickness and is absent in many places, 
probably as a result of erosion during the mid-Cretaceous withdrawal of the se, 
and subsequently. The base of this transgressive series is a prominent beach a 
near-shore type of sandstone, which appears to transgress time as the sea advanced, 
somewhat as does the Nubian sand facies of similar age in the eastern Mediterranean, 
or the basal Comanchean sands of the United States. 

In the Colombia-Venezuelan seaway, a similar marine transgression and deposition 
mark the stages of this period. In the Bahia embayment, marine sedimentation 
appears for the first time in the Albian. This heralds the beginning of a taphrogenic 
breakdown of eastern lands, permitting the sea to reach the present coastal area of 
the continent for the first time since the mid-Paleozoic seaways crossed the present 
coast line. 


LATE CENOMANIAN-TURONIAN-LOWER SENONIAN 


Plate 10 pictures the paleogeography of the Upper Cretaceous from the late 
Cenomanian and Turonian through the Lower Senonian. The sediments of this 
period are the approximate equivalent of the Gulf series in the southern United 
States and of the Benton-Niobrara-Pierre of the Rocky Mountain front. 

In the southern or Patagonian embayment there was marine deposition south d 
about 47° S. Lat., north of which there was gradation toward, and interfingering 
marine facies with, a brackish and continental facies. The topmost sediments d 
the series in the continental facies areas contain the bones of dinosaurs, as did the 
late Cretaceous swamps of Coahuila and Chihuahua, Mexico, and of Texas and 
Rocky Mountain basins. 

In the Peruvian embayment the sea withdrew during the Cenomanian. Mud 
of the Cenomanian and some of the Turonian appears to be missing over wide attas 
of the basin. In the northern part of the geosynclines, in north Peru and Ecuadot, 
the presence of Turonian marine sediments attests the reinvasion of the sea. The 
sea advanced rapidly through the Upper Turonian and Lower Senonian, spreading 


very widely in these stages when the bulk of the Upper Cretaceous sequence of | 


marine shales, sandstones, and limestones was deposited. 
In the Colombia-Venezuelan seaway there was the same mid-Cretaceous retreat 
and readvance of the sea. The Upper Cretaceous transgression, as in Peru, spread 
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more widely over the foreland than did any of the previous seas in this region. The 
backlands were beginning to rise, pushing the principal geosyncline forward. Em- 
payments in the Bahia and Rio Grande do Norte coastal areas of Brazil also received 
marine deposits during this period. 

As mentioned previously, higher land prevailed in the east, and lower lands in the 
west during most of Paleozoic and Mesozoic history. In Upper Cretaceous time 
this situation began to reverse itself as the first incipient Andean uplift movements, 
forerunners of greater movements in the Tertiary, started to change the continental 
surface to a more level position. ; 

In addition to a much wider overlap of the forelands by the seas, there developed, 
as a result of the levelling process, extensive interior fresh-water lakes, in which 
clastic sediments and some locally occurring calcareous beds, were deposited. These 
Upper Cretaceous fresh-water deposits include the Cayua and Bauru facies which 
are spread widely over central Brazil. In Patagonia, also, the levelling process is 
reflected in the far eastward spread of the semicontinental deposits, which carry 
the dinosaur remains in their highest beds. Similar dinosaur-bearing beds occur 
in southwest Uruguay and adjacent Entre Rfos. 


LATE SENONIAN-PALEOCENE 


Plate 11 shows the paleogeography of South America during the period of the 
late Senonian through the Danian-Paleocene. At the close of the lower Senonian 
there was a rather general sea retreat in most areas. In places, such as close to the 
axes of deformation along mobile belts, the deformation was severe; but over wide 
areas the unconformity is not so noticeable as that of the main Laramide deformation 
immediately following the Paleocene. 

In the Magallanes area of southern Argentina and Chile marine clastic deposition 
continued during much of the period. Farther northward in Patagonia, in the 
Comodora Rivadavia or San Jorge embayment and in the long northwest-trending 
Rio Negro embayment, marine, brackish, and continental beds of late Senonian-to- 
Paleocene age disconformably overlap Lower Senonian in embayments from the 
Atlantic. In addition to the disconformity at the base, at least one other occurs 
within the series itself in these embayments. 

Under the city of Buenos Aires basement rocks have been found at about 300 
meters depth. Between it and the Sierra Tandil about 250 kilometers to the south 
lies the axis of a Miocene embayment. Beneath this we have suggested the possi- 
bility of existence of a late Cretaceous embayment. 

Farther north on the Atlantic coast, marine deposition occurred in the Bahia and 
Rio Grande do Norte embayments and in a very narrow belt along other parts of 
the coast. 

In the Peruvian embayment the sea withdrew at the end of the prominent Senonian 
deposition. In the succeeding basin, which was somewhat narrower because of the 
now considerably emerged Andean belt on the southwest and emergence of the 
foreland to the east, there was deposited a series of reddish to gray sediments of 
largely brackish to continental facies but embracing certain marine intercalations. 
The sediments vary in facies and thickness along the trough of the embayment. 
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From the limited fauna and from stratigraphic considerations, these sedimeny; 
appear to range from late Senonian to earliest Tertiary or Paleocene. 

The remnants of a trough within the Andean belt of Peru contain thick continent) 
beds (such as the Rimac series) which have been considered late Cretaceous in age 
but which are more likely wholly or largely Tertiary. 

Along the Pacific coast of Peru and Ecuador occur latest Cretaceous-Paleocene 
sediments of entirely marine facies. South of Valparaiso on the western coast oj 
Chile there is a narrow coastal overlap of marine sediments reported to be late 
Senonian in age. 

In the Colombia-Venezuela geosynclinal belt the late Cretaceous-early Tertiary 
time interval varies laterally in the extent to which it is represented by sediments 
In places beds as young as middle to upper Eocene or younger rest on strata as old 
as Lower Senonian or older. In other, deeper basin areas this interval is partly 
to largely filled with corresponding shales and sands bearing late Cretaceous ty 
Paleocene marine faunas. An overlap of this period occurs along the western par 
of the north Panama coast. 

Throughout the western hemisphere, and indeed in most parts of the world wher 
Paleocene sediments occur, these sediments in their facies and general affiliations 
appear more akin to the Cretaceous than to the Tertiary proper, whose first sediments 
commonly follow in middle Eocene time, or even later. 


EOCENE 


While early orogenic movements initiating the uplift of the Andean belt occurred 
within the Cretaceous, the first major Andean movement of the Tertiary period 
followed the Danian-Paleocene stage and had its climax in the early Eocene. This 
corresponds to the main so-called Laramide movement in the North American part 
of the Cordillera and to diastrophisms at the same time in other parts of the world. 

Except in the deeper basin parts, lower Eocene sediments are not prominently 
developed in most areas. The sea advanced again following the first Andean move 
ment and, though interrupted by relatively less important disturbances and de 
position hiatuses, the middle and upper Eocene witnessed the widest advances of the 
sea and received the bulk of the sediments of the Eocene epoch within the present 
limits of the continent (Pl. 12). 

In the southern Patagonian or Magallanes embayment the Eocene appears to be 
represented by a clastic, largely marine facies. In the Comodora Rivadavia or Sa 
Jorge embayment a continental facies bearing an Eocene land fauna is represented. 
Sediments of the same age are reported in the Rio Negro embayment, and, though 
unconfirmed, they may also be present in the Buenos Aires embayment. Eocer 
sediments have been reported from the largely continental facies of the Tertiary 
the Bahia embayment and along the coast line of Alagoas and Sergipe on the north. 

Eocene sediments occur in a thick clastic marine sequence in the coastal emnbay- 
ments of northwest Peru and in southwestern and western Ecuador. A numberd 
disconformable hiatuses are present in these largely middle and upper Eocene 
deposits. While Eocene sediments have not been definitely identified east of the 
Andes it seems likely that they may occur there in a brackish to continental facies 
which had westward connections with the coastal areas. 
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Eocene, mainly middle and upper, jis well represented by a thick series of marine 
to semimarine clastic sediments through the basins of northern Venezuela and 
Colombia, with southward embayments of a less marine character. Sediments of 
similar age occur in Panama. 


OLIGOCENE-EARLY MIOCENE 


The second main Andean movement had its climax in early Oligocene time. 
This disturbance was commonly marked by a withdrawal of the sea starting in late 
Eocene or early Oligocene and, in many places in northwestern South America, by 
moderate to severe deformation followed by an overlap of middle to upper Oligocene. 

A well-defined marine transgression of middle-to-late Oligocene time occurred in 
the Patagonian embayments. Transgression began somewhat earlier toward the 
south, and sedimentation reached somewhat greater thicknesses successively from 
north to south in the several embayments shown on Plate 13. There has been 
some difference of opinion among paleontologists concerning the position of the 
boundary between the Oligocene and the Miocene in many parts of the world. In 
general, South American Oligocene marine sedimentation continued into or through 
the lower Miocene, though there is some marginal or headward and also upward 
gradation into brackish and continental deposits. 

Little is known of the extent to which transgression and deposition of the upper 
Oligocene-lower Miocene period occurred in the Buenos Aires or La Plata embayment. 
There are indications that the maximum transgression in this embayment was 
somewhat later in the Miocene. (See Plate 14.) Likewise, in the Bahia embayment 
the age of the largely nonmarine Tertiary sediments is still uncertain. 

On the west coast of Chile sediments of this period appear to be represented in 
the small Arauco embayment. Marine overlaps of this period are well represented 
in the coastal embayments of western and northwestern Peru and Ecuador. 

In Venezuela and Colombia a prominent Oligocene-lower Miocene sea transgressed 
from the northeast and north more or less widely across Eocene and older rocks. 
East of the Andes this transgression extended as a semimarine to brackish and 
continental facies into Ecuador and Peru, though the existence of archipelagic condi- 
tions at the time along the Andean belt would have permitted connections with 
the Pacific. Eastward, along the middle and lower Amazon trough, all the Tertiary 
deposition appears to be continental in character.! 


MIDDLE MIOCENE 


The transgression of seas which followed the second major Tertiary orogenic- 
epeirogenic movement of early Oligocene age and which spread through the upper 
Oligocene and early Miocene continued, with minor interruptions marked by lesser 
hiatuses, through the middle Miocene. Clastic deposition, derived ma‘nly from 
the rising Andean belt, was widespread. Sedimentation was so relatively rapid in 
the middle Miocene basins and embayments that there developed a general retreat 


: Little is known concerning the exact age of the continental sediments along the Amazon Basin. Additional research 
sce the writing of this paper indicates that the greater part of the Tertiary deposits along the Middle Amazon are of 
Pliocene rather than Miocene age. 
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of marine and brackish conditions from the positions attained by the sea advanox 
during the Oligocene and early Miocene. 

The relative extent of this largely continental deposition and the changing cp. 
ditions may be visualized by comparing the middle Miocene map (PI. 14) with thy 
for the upper Oligocene-early Miocene (Pl. 13). Some of the interior continent,) 
deposits shown on the middle Miocene map may be in part equivalent in age ty 
earlier Miocene. 

The extent of the La Plata marine embayment northward and northwestward isa 
yet incompletely determined. In the Oran basin of Jujuy and central Salta ip 
northern Argentina the local very high salinity of formation waters indicates , 
temporary isolation of this area. 

Continental deposition continued throughout the pre-Andean and Amazon troughs, 
while, in the embayments of the Pacific coast, conditions remained prevailingly 
marine. With the increasing rates of deposition there was also in Venezuela and 
Colombia a rather general recession of marine facies toward the deeper outer ares 
of the embayments.” 


UPPER MIOCENE 


The increased rate of clastic deposition in the middle Miocene brought about 
filling of the basins preliminary to the third major Andean orogenic and epeirogenic 
uplift which had its climax in the late Miocene. The upper Miocene map (PI. 15) 
shows the approximate conditions of upper Miocene time immediately preceding 
this main movement, which in general corresponds with the so-called Attic dias- 
trophism of Europe. 


PLIOCENE 


Marine deposition of Pliocene time is rather well developed in many basins of 
Europe and the Mediterranean regions and in other areas of the eastern hemispher, 
as well as in the basins along the western coast of North America. In South Ameria, 
Pliocene marine deposition is restricted to the outer parts of certain embayments, 
though continental deposition continued in the old geosynclines of the interior 
throughout Pliocene and much of Pleistocene time (Pl. 16). The largely continental 
sedimentation was brought to a close in all except limited localities by the fourth 
major Andean orogenic and epeirogenic diastrophism which had its climax in early 
Pleistocene time when the seas withdrew outside the present continental shelves 
along most of the coast lines. 

A well-defined Pliocene marine embayment was present in southern Patagonia, 
and limited marine deposition of this period occurred in the La Plata embayment. 
On the northern and western coasts of the continent marine deposition was of very 
limited extent during the Pliocene. 


2 The two very small patches of continental deposits appearing on the Middle Miocene map (PI. 14) near the Brasl 
coast and immediately west of the 45th meridian were placed on this map through oversight. They should be on the 
Pliocene map (Pl. 16). They represent the partially downfaulted Taubuté and Tremenbé lake basins, whose deposits 
appear to be largely Pliocene, based mainly on their contained fish remains. 
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Glaciers developed in Pleistocene time in the southern section of the Cordilleras, 
and the effects of this period of glaciation are general over the southern half of 


Patagonia. 

Beginning in the Mesozoic and continuing throughout the Tertiary, but most 
particularly in late Tertiary and Quaternary time, there is much evidence of 
taphrogenic breakdown and marked subsidence of the Pacific and Atlantic border 
belts, as well as in the Caribbean-Gulf of Mexico areas. Along the whole length 
of the Andes and in the Mexican, Central American, and Antillean regions, as well 
as in western North America, considerable volcanic activity and extravasation of 
lavas accompanied the mountain uplift and the down-faulting and subsidence of 
border areas beneath the seas. 
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